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The cuticle of C. elegans is extensively cross-linked by covalent disulphide bridges, 
tyrosine bonds and possibly glutamyl-lysine bonds. Four genes predicted to be 
involved in the formation of tyrosine bonds have been identified in C. elegans. syr-] 
and tyr-2 map to chromosome HI, !yr-3 and tyr-4 map to chromosome I. These encode 
tyrosinase-like enzymes. The tyrosinase genes are very similar in structure: all genes 
have two Cu active sites (CuA and CuB) , predicted secretory leader peptides and sxc 
domains (found in other proteins from C. elegans and Toxocara canis). tyr-1 has an 
additional polyglutaniine region which may be involved in protein-protein interactions. 
A set of cDNAs prepared from a synchronous population of wild type worms, 
harvested at two hour intervals through the lifecycle, starting shortly after hatching 
(cDNA kindly provided by I. Johnstone), was used in semi-quantitative fluorescent 
PCR. Steady state levels of tyr-1, -2 and -4 genes are upregulated at each moult, 
suggesting their involvement in the synthesis of the new cuticle. tyr-3 transcripts could 
not be detected in this set of cDNAs. However tyr-3 transcripts were isolated from a 
population of him-8 mutants which is enriched in males. A wild type population 
contains —0.5% males, whereas a him-8 population contains —37% males. 
Studies using lacZ- and GFP-reporter genes driven by promoter fragments of the 
tyrosinase genes showed that syr-4 and tyr-] are expressed in specific subsets of 
hypodermal cells. In addition tyr-1 is expressed in the vulval cells. tyr-2 was found to 
be expressed only faintly in hypodermal cells, and showed strong expression in the 
uterine cells. No expression of tyr-3 was observed. These data imply that tyrosinases 
are not only involved in cross-linking of cuticular proteins, but are probably also 
involved in the generation of the egg shell. 
Degenerate primers designed against the Cu-active sites of tyr-] and lyr-2 were used to 
amplify genoniic DNA fragments of tyrosinases from B. malayi and M. javanica. 
The nematode tyr genes form a subfamily distinct from mammalian and fungal genes. 
general introduction 
1. Structure of the cuticle 
* 1.1 general 
The nematode cuticle or exoskeleton is a multilayered structure, involved in protection, 
motility and maintenance of the shape of the worm. Locomotion results from the 
antagonistic forces created by body wall muscle contractions (attached to the 
hypodermis through filaments), the elasticity of the cuticle (attached to the hypodermis 
through heniidesmosomes) and the animal's high internal hydrostatic pressure 
(Kramer, 1996). The nematode lifecycle comprises four larval stages and an adult 
stage. The different larval stages are separated by a moult during which the old cuticle 
is shed and a new cuticle is deposited. In Figure 1.1 a schematic diagram of a general 
nematode cuticle and the adult C.elegans cuticle are depicted. 
Generally three cuticular zones can be distinguished, covered by an epicuticle. 
The epicuticle is a trilaminar lipid layer that is formed first during the synthesis of a 
new cuticle (Bird and Bird, 1991; Blaxter and Bird, 1996). In several species, a 
surface coat is found closely attached to the epicuticle. The surface coat is negatively 
charged, probably due to the presence of sulphated sugars, and is carbohydrate rich 
(Blaxter et al., 1992). In Toxocara canis, surface coat material is produced in excretory 
and oesophagal glands and transported to the surface through the excretory pore and 
the oesophagus. Surface coat components appear to be stage-specific, and may be 
sloughed off when bound by antibodies (Politz and Philipp, 1992). This phenomenon 
was first observed in parasitic nematodes and is probably important in evading host 
immune responses (Blaxter et al., 1992; Maizels et al., 1993). In addition the surface 
coat is believed to play a role in lubrication and protection against abrasion, 
dehydration and predation (Blaxter et al., 1992). 
Surface markings like annulae (regular transverse grooves) and lateral alae are 
found in most nematodes. Lateral alae vary considerably between species and between 







Figure 1.1 Schematic diagram of a general nematode cuticle (A, from Bird and Bird, 
1991) and of an adult C. elegans cuticle (B, From Kramer, 1994a). Ed: epicuticle; id: 
internal cortical layer; str: struts;fl:fiber layers; bl: basal layer. 
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* 1.2 The C. elegans cuticle 
In figure 1. 1B a schematic diagram of the adult C. elegans cuticle is shown. Nearest to 
the hypodernñs is the basal layer, followed by two fiber layers with fibers oriented in 
opposite directions. The cortical layers (the epicuticle and internal cortical layer) and 
basal layers are joined by struts, which are regularly arranged beneath the annulae 
(Cox et al., 1981b). A surface coat has been described in C. elegans, but its site of 
synthesis is unknown (Blaxter et al., 1992). 
Structural differences have been observed between the different stage cuticles. 
Lateral alae are present at the cuticle of Li larvae (small double alae), dauer larvae 
(broad five-fold alae) and adult worms (three small alae), but not at cuticles from the 
other larval stages (Edgar et al., 1982). Moreover, in contrast to the adult cuticle, struts 
are not present in the larval cuticles (Cox et al., 1981b). 
The cuticle is formed during the moults by the underlying hypodermis, which 
for the greater part is a syncytium extending throughout the nematode and the seam 
cells that compose the lateral part of the hypodermis. Increased Golgi activity 
implicating protein synthesis has been observed in the hypodermis (especially in the 
seam cells) during the production of the new cuticle, approximately 2 hours before the 
beginning of lethargus. Experiments in which the incorporation of NaH' 4CO3 into the 
cuticle was studied, showed that the synthesis of most cuticle material occurs during 
lethargus, just prior to moulting (Cox et al., 1981b). During lethargus, the connections 
between the hypodermis and the cuticle are broken and the old cuticle becomes 
loosened. At this stage pharyngeal pumping and locomotion are suppressed. During 
the second half of lethargus the animal frequently spins or flips around its long axis 
which helps loosening of the old cuticle. Just preceeding ecdysis the pharynx begins to 
contract spasmodically and the cuticle lining of the pharynx breaks. The animal pulls 
back from the distended cuticle around the head and once the mouth is free, the 
nematode pushes with its head until the old cuticle breaks and it can escape from its old 
cuticle (Singh and Sulston, 1978). The seam cells act as hypodermal stem cells and 
divide at the end of each moult when the cuticle is shed, except at the IA to adult moult 
during which they fuse. Laser ablation studies showed the seam cells to be essential 
for the formation of the alae (Singh and Sulston, 1978). 
2. Composition of the C. elegans cuticle 
Except from the lipid-containing epicuticle and the carbohydrate-rich surface coat, the 
cuticle of C. elegans mainly consists of proteins. Distinct groups of structural proteins 
localize to the different cuticular layers. About 80% of the cuticular proteins are 
collagens (Kingston, 1991), which are the main components of the basal layers and the 
struts. Non-collagenous proteins named cuticlins are found in the internal cortical 
layer. 
As well as being structurally different (some differences are mentioned above) 
the larval and adult cuticles appear to be largely composed of stage-specific proteins. 
Different cuticles also vary in the degree to which they are solubilzed by disulphide 
reducing agents (Cox et al., 1981a). 
* 2.1 Collagens 
2.1.1 C. elegans collagen structure 
Collagens are trimeric proteins encoded by small genes (<2kb) containing only 1 to 3 
introns. The C. elegans collagen gene family is large with P400 members (Kramer, 
1994b) dispersed throughout the genome, though the existence of collagens that are 
closely linked has been reported (Park and Kramer, 1990). The gene products of these 
genes are predicted to be 28 - 35 kDa and share a common structure, which is shown 
in Figure 1.2. 
The majority of collagens consists of Gly-X-Y repeats which can form a helical 
structure. The first amino acid in this repeat is a glycine residue, followed by any two 
amino acids with X and Y often being proline or hydroxyproline respectively (Van Der 
Rest and Garrone, 1991; Kielty et al., 1993; Kramer, 1994b). A small residue like 
glycine at every third position ensures that the triple helical structure is not distorted 
(Johnstone, 1993). Different numbers of non-Gly-X-Y interruptions are found in the 
Gly-X-Y repeats, however the first and third interruption are universal. The homology 
blocks represent domains containing conserved amino acid sequence motifs: a 
predicted signal peptide is contained within homology block D; a predicted signal 
peptidase cleavage site is located in homology block C; a conserved Tip is found in 
homology block B and two highly conserved Arg residues are present in homology 
block A. The latter homology block is suggested to function as a protease cleavage site 
(Kramer, 1994b). The collagens can be divided into subfamilies based on the spacing 
of the conserved cysteines that flank the Gly-X-Y repeats. In all families tyrosine 
residues are also present in the carboxy terminus of the proteins. 
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Figure 1.2 Collagen structure, A-D:homology blocks. The putative mature protein 
has been indicated. Adapted from (Kramer, 1994 b). 
2.1.2 Vertebrate collagen gene structure 
The vertebrate collagen family is smaller than that of C. elegans with fewer than 20 
members. Collagens I, II and III are encoded by large tripartite genes of 18 - 40 kb. 
The majority of each gene is taken up by the triple helical region, which is encoded by 
44 exons, commonly of 54 bp coding for 6 Gly-X-Y repeats (Chu and Prockop, 
1993). The triple helical region is flanked at either site by short telopeptides, which are 
retained in the mature protein. These domains contain lysine residues that are important 
in cross-linking of collagens I, II and III (Bateman et al., 1996). The procollagen also 
contains a globular N- and C- propeptide region, which confer solubility to the 
procollagen. Moreover they function to prevent aggregation and fibril assembly 
occuring intracellularly (Kielty et al., 1993). The C- propeptide region contains 7 - 8 
cysteine residues and has been shown to play a role in helix assembly (see below). 
Vertebrate collagens can be divided into fibrillar and non-fibrillar collagens. 
C. elegans collagens are structurally most similar to non-fibril forming FACIT (Fibril - 
Associated Collagens with Interrupted Helices) collagens. However, FACIT collagens 
do not undergo proteolytic processing and are not secreted as procollagens (Shaw and 
Olsen, 1991). FACIT collagens interact with fibrils containing other collagens and may 
provide an interface for interactions with other fibrils or matrix components (van der 
Rest and Garrone, 1991; Kielty et al., 1993). 
2.1.3 Collagen biosynthesis 
This description of biosynthesis of collagens is mainly based on studies on vertebrate 
collagens, however C. elegans collagen synthesis is likely to be similar. 
Procollagens are targeted into the secretory pathway by their N-terminal signal 
peptides. During translocation across the endoplasmic reticulum (ER) membrane, the 
signal peptide is cleaved from the nascent preprotein by an integral membrane protein 
complex, the signal peptidase (Nothwehr and Gordon, 1990). During elongation 
several post-translational modifications occur. Enzymes and chaperones involved in 
post-translational modifications and folding will be described below. When elongation 
approaches completion (Kielty et al., 1993), C-terminal propeptides of 3 folded 
collagen monomers associate and disulphide bonds are formed between cysteine 
residues present in the C-propeptide regions (Bachinger et al., 1981). The 4 C-terminal 
cysteines have been hypothesized to participate in intrachain disulphide bonds, 
whereas cysteine residues closer to the triple helical regions form interchain disulphide 
linkages. Though involved in chain association, the cysteine residues alone are not 
sufficient for chain selection (Lees and Bulleid, 1994). Recently a discontinuous, 
hydrophilic sequence of 15 amino acids was indentified in collagen III C-propeptide 
that can direct selective collagen chain association (Lees et al., 1997). Once the C-
propeptides of 3 collagen chains have associated, triple-helix formation proceeds in a 
zipper-like fashion at an uniform rate (Bachinger et al., 1980). After passage of the 
procollagen through the Golgi system and secretion (by exocytosis), the N- and C-
terminal propetides are cleaved by specific endopeptidases, procollagen N-proteinase 
and procollagen C-proteinase respectively (Bateman et al., 1996). 
The alignment of procollagens in C. elegans, required for correct triple helix 
formation to occur, is thought to depend on the spacing of the cysteine residues 
flanking the Gly-X-Y regions. As mentioned above, a signal peptide sequence is found 
in homology block D of the collagen pro-region, which has been suggested to be 
cleaved at the sequence (k/K) -X-X- (RIK) in HBA, that closely resembles a 
subtilisin-like protease cleavage site (Yang and Kramer, 1994; Blaxter and Robertson, 
in press). Indeed, N-terminal sequencing of a cuticle collagen of the related plant-
parasitic nematode Meloidogyne incognito confirmed cleavage at the HBA-like motif 
R-Q-K-R (Ray and Hussey, 1995). 
A locus suggested to be involved in cleavage of procollagens is b1i4 at LG I 
(Kramer, 1996; Blaxter and Robertson, in press). bli-4 encodes 4 isoforms (blisterase 
A-D) that arise through alternative splicing at the carboxy terminus (Thacker et al., 
1995). The enzymes are members of the kex2/subtilisin-like family of proprotein 
convertases that are involved in the endoproteolytic cleavage of inactive precursor 
proteins. In total 14 alleles of bli-4 have been identified, 13 of which are early larval 
lethal mutations (Peters et aL, 1991;Thacker et al., 1995). Three larval lethal alleles 
have been determined and are all mutations in coding regions shared between the 4 
isoforms. The h.1010 mutant carries a Tel insertion in exon 9, in q508 mutants a 366 
base pair deletion removes the splice acceptor and 37 nucleotides from exon 12, and in 
h199 mutants an A->T transversion causes the replacement of a histidine residue with a 
leucine residue in exon 4 (Thacker et al., 1995). The recessive e937 allele is viable but 
causes blistering of the adult cuticle (Brenner, 1974). This mutation is a deletion of 3.5 
kb that removes exon 13 which is unique to blisterase A. Northern-blot analysis of bli-
4 (e937) animals showed a lack of blisterase A transcripts, which may indicate a role 
for b1i4 in the production of a normal adult cuticle (Thacker et at., 1995). 
2.1.4 Enzymes and chaperones involved in collagen folding and modification 
A large number of enzymes and chaperones present in the ER greatly facilitate collagen 
folding and assembly. 
Protein disulphide isomerase (PDI) is abundant in the lumen of the ER and 
plays a role in the proper folding of proteins containing disulphide bonds. Secretion 
from the ER is prevented by binding of the KDEL receptor, an intrinsic membrane 
protein, to the carboxy terminal ER-retention signal KDEL of PDI. Except from its 
isomerase activity, PDI has also been suggested to posses chaperone activity, as it is 
capable of assisting in the refolding of proteins lacking disulphide bonds. Recently the 
reactivation of reduced and denatured acidic phospholipase A 2 (APLA2), a protein 
containing 7 disulphide bonds, was shown to require both the isomerase and 
chaperone activity of PDI. The latter activity turned out to be fully replaceable by 
mutant PDI completely lacking isomerase activity (Yao et al., 1997). 
A considerable proportion of peptide bonds in nascent collagen chains are in 
the cis-configuration. However triple helices can only accomodate trans-peptide bonds. 
The slow isomerization of peptide bonds is catalyzed by peptidyl-prolyl cis-trans 
isomerase (PPI), which accelerates the folding of collagens (Bachinger, 1987). 
Interestingly, it has been shown that the presence of PPI improves the catalytic activity 
of PDI (Schonbrunner and Schmid, 1992). PPI was discovered to be identical to 
cyclophilin (Takahashi et al., 1989; Fischer et al., 1989). Cyclophilins bind to the 
immunosupressive drug cyclosporin A (C5A) via a central conserved CsA binding 
domain (CBD), which affects signal-transduction events in the T-cell. At least 11 
cyclophilin genes exist in C. elegans, ten of which were expressed as recombinant 
proteins and which were subsequently shown to possess PPI activity. The isomerase 
activity was highest in the conserved and lower in the more divergent isoforms, which 
may indicate different substrate specificities of the genes (Page et al., 1996). 
The heat-shock protein Hsp 47 is one of the chaperones involved in folding of 
collagen. It is resident in the ER and is like PDI retained in the ER through a C-
terminal RDEL sequence. The synthesis of Hsp47 parallels that of collagen, except 
under heat shock conditions. Hsp47 may provide a control mechanism preventing the 
secretion of abnormally folded collagen, as it has a higher affinity for heat-denatured 
collagen than for mature collagen (Nagata, 1996). In association with CypB, vertebrate 
Hsp47 has been implicated in export of collagen from the ER into the Golgi system 
(Smith et al., 1995). 
Further post-translational modifications of vertebrate collagens include the 
hydroxylation of proline and lysine residues and the subsequent glycosylation of 
hydroxylysyl residues. Proline residues are hydroxylated by prolyl #hydroxylases 
(also identified in C. elegans (Veijola et al., 1994)), and prolyl 3-hydroxylases that 
have specific substrate requirements. 4-hydroxyprolyl residues will donate extra 
hydrogen bonds to the collagen triple helices and are essential for collagen stability at 
physiological temperatures. Vertebrate prolyl 4-hydroxylase is a tetrameric enzyme, 
composed of two a-subunits and two p-subunits. The catalytic properties of the 
enzyme are mainly located within the a-subunits (Freedman et al., 1994). The p - 
subunit appeared to be identical to PDI, which has been suggested to maintain the 
enzyme in a non-aggregated soluble active form (John et al., 1993). 
The lysyl hydroxylases catalyze the hydroxylation of lysyl residues. The 
hydroxylysyl residues serve as attachment sites for carbohydrates and play a role in the 
formation of intra- and intermolecular collagen cross-links. Galactose or galactose and 
glucose are added onto hydroxylysyl residues by the action of hydroxylysyl 
galactosyltransferase and galactosylhydroxylysyl glucosyltransferase. The 
carbohydrates may alter the biological properties of the collagen fibrils because of their 
potential effect on fibril organization (Kielty et al., 1993; Bateman et al., 1996). 
The reactions of the three hydroxylases are similar and require the cosubstrates 
Fe", 2-oxoglutarate, molecular (1)2  and ascorbate. The enzymes act on nonhelical 
substrates only (Kielty et al., 1993). 
2.1.5 Collagen bonds 
Cross-linking between the modified vertebrate collagens is catalyzed extracellularly by 
the copper-dependent enzyme lysyl oxidase. Two different pathways (followed in 
different tissue types) exist, one based on lysine aldehydes and the other based on 
hydroxylysine aldehydes. In the lysine aldehyde pathway both telopeptidyl lysine and 
hydroxylysine residues undergo oxidative deamination after which they react to form a 
covalent bond. In the hydroxylysine pathway a deaminated lysine reacts with either a 
lysine or hydroxylysine residue on an adjacent peptide thus forming a covalent cross-
link between the collagen chains (Kielty et al., 1993; Bateman et al., 1996). 
C. elegans collagen chains are held together by reducible- and non-reducible 
covalent bonds. Disulphide bonds between the conserved cysteine residues are the 
major type of bonding as is evidenced by the great extent of solubilization of collagen 
containing structures of the cuticle by boiling in 5% 13-Mercaptoethanol (BME) (Cox et 
al., 1981c; Cox, 1990). Yet the sizes of the collagens extracted from the cuticle by 
treatment with BME are larger than the sizes of the predicted gene products, showing 
that non-BME reducible cross-links must exist between collagens. Di- and /or 
trityrosine bonds, possibly between the conserved tyrosine residues, are present in the 
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cuticle of C. elegans (Kramer, 1994a). These bonds were first identified in the cuticle 
of Ascaris suum (Fujimoto et al., 1981) and the sheath of Haemonchus contortus 
infective larvae (Fetterer and Rhoads, 1990). Dityrosine bonds are present in insoluble 
structural matter of numerous organisms such as the yeast ascospore wall (Briza et al., 
1986), arthropod resilin (trityrosine bonds were also found, Andersen, 1964), 
vertebrate elastin (LaBella et al., 1967) and the byssus of the sea mussel Mytilus edulis 
(DeVore and Gruebel, 1978). A glycoprotein (extensin) from plant cell-wall of 
Solanum tuberosum L.was found to be connected through isodityrosine bonds (Fry, 
1982). The formation of dityrosine bonds in the sea urchin fertilization envelope was 
shown to be catalyzed by ovoperoxidase which is present in cortical granules before 
fertilization and in the fertilization membrane afterwards (Shapiro et al., 1981; Deits et 
al., 1984). 
A special type of tyrosine-bonds, the iso-trityrosine bond, was discovered in 
Ascaris cuticle and also shown to be present in the sheath of Haemonchus contortus 
infective larvae. It seems to be nematode specific. Isotrityrosine bonds were found in 
larger amounts in the BME-soluble collagenous fraction of Ascaris cuticle (Fujimoto et 
al., 1981; Fetterer et al., 1993). Presumably the conformation of collagens requires the 
presence of this special isotrityrosine bond. In contrast, isotrityrosine bonds were 
found in greater amounts in the BME-insoluble cuticular fraction extracted from 
sheaths from Haemonchus contortus infective larvae (Fetterer and Rhoads, 1990). 
This may be caused by structural differences between cuticles and sheaths (sheaths are 
thought to be more resilient), but also by differences between the two species. In 
Figure 1.3 the different tyrosine bonds are shown. 
Dityrosine and trityrosine can be produced in vitro by oxidation of L-tyrosine 
with peroxidase and hydrogen peroxide. During this reaction no isotrityrosine is 
formed (Aeschbach et al., 1976; AmadO et al., 1984). We propose tyrosinase as a 
candidate enzyme for the formation of tyrosine, and in particular isotrityrosine, bonds. 
As will be described in chapter 2, tyrosinase catalyzes the hydroxylation of phenolic 
substrates followed by oxidation of the intermediates to quinones. This compound has 
two reactive groups and can thus form a bridge between two adjacent proteins. Such a 
process is believed to take place during sclerotization of insect cuticle. In the case of 
collagens the phenolic substrate is linked to a peptide backbone so that a triple helical 
molecule will be formed, linked through isotrityrosine bonds. Importantly, this implies 
that the enzymology for the formation of these bonds is nematode-specific, which 
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Figure 1.3 Tyrosine bonds: I = ditvrosine; I! = tritvrosine; III = isotrit-yrosine. 
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Other non-reducible covalent bonds responsible for the resilience of the cuticle 
could be e(y-glutamyl) lysine bonds found in the microfilarial sheath of Litomosoides 
ca.rinii (Tarcsa et al., 1992) and in adults of Brugia malayi. (Mehta et al., 1992). The 
formation of these bonds is catalyzed by transglutaminases (Folk, 1980). 
Transglutaminases have been isolated from B. malayi females. Studies using 
transglutaminase inhibitors showed that these enzymes are required for in utero growth 
and development of microfilariae (Mehta et al., 1990; Mehta et al., 1992). Moreover 
transglutaminases appear to be involved in incorporation of host proteins in adult 
females and microfilariae. This may serve to help evading the host immune response 
(Mehta et al., 1996). 
2.1.6 Mutations in C. elegans collagen genes 
Mutations in several collagen genes have been shown to cause severe morphological 
phenotypes, such as: dumpy (Dpy, short and fat), long (Lon, long and thin), roller 
(RRol (right rollers) or LRoI (left rollers), twisted cuticle), abnormal tail (Tal, 
shortened malformed hermaphrodite tail) and squat (Sqt, homozygous dumpy, 
heterozygous roller non-dumpy) (Kramer et al., 1988; von Mende et al., 1988; Kramer 
et al., 1990; Johnstone et al., 1992; Levy et al., 1993). Such a variety in phenotypes is 
to be expected from mutations in genes that encode structural components of 
multiprotein complexes. Moreover different mutations in the same gene as well as 
equivalent mutations in different genes can result in different phenotypes (Johnstone, 
1993; Kramer, 1994a; Kramer 1994b; Kramer 1996). For example substitution of 
Arg-4 in HBA of sty-I and rol-6 for cysteine causes a RRoI phenotype, whereas the 
same mutation in dpy-JO causes a Lrol phenotype. This may indicate that these 
collagens are localized to different fiber layers, spiraling in opposite directions around 
the animal (Levy et al., 1993). Interactions have been reported between sqt-J and rol-
6. Though sty-i phenotypes are visible in a rol-6 null background, the expression of 
the rol-6 RRol phenotype is dependent on the presence of wild type sqt-1 collagen 
(Kramer and Johnson, 1993). sty-] and rol-6 belong to the same collagen subfamily 
with identical spacing of the cysteine residues flanking the Gly-X-Y repeats and have 
been suggested to form a heterotrimeric molecule. Interestingly, sqt-1 and rol-6 are 
expressed at the same developmental stages at a steady-state mRNA level ratio of 2:1 
(Park and Kramer, 1994). 
Null mutations in collagens often result in (nearly) wild type phenotypes, 
suggesting that these genes are redundant. However loci where null mutations result in 
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severe phenotypes are found, for example in dpy-JO (Levy at el., 1993) and dpy-13 
(von Mende etal., 1988). 
A common mutation is the substitution of glycine residues in the Gly-X-Y 
repeats. Glycine substitutions cause a delay in folding of the triple helix, whereby 
increasing the time available for post-translational modifications. Excess in post-
translational modifications results in the production of mutant collagen. Phenotypes 
result from the production of collagen with decreased thermal stablity and from 
reduced collagen secretion due to increased intracellular breakdown of mutant collagen. 
The effect of increased intracellular breakdown is amplified due to the fact that normal 
and abnormal collagen chains present in the same molecule are degraded collectively 
(procollagen suicide) (Prockop and Kivirikko, 1995; Bateman et al., 1996). 
Substitutions of the conserved arginine residues in the subtilisin-like proteolytic 
site of HBA cause roller phenotypes in sqt-I, rol-6 and dpy-10 mutant animals 
(Kramer and Johnson, 1993; Levy et al., 1993). Roller phenotypes have been 
suggested to result from ectopic disulphide bond formation (for arginine to cysteine 
substitutions) or from defective cleavage of the procollagen. Notably, HBA mutant 
forms of SQT-1 were shown to be larger than wildtype SQT-1 on Western blot using 
SQT-1 specific anitibodies (Kramer, 1996). 
Roller phenotypes can be produced by substitutions of conserved cysteine 
residues in the carboxyl domain of sqt-1 and rol-6, probably through ectopic 
disulphide bond formation. Disulphide bond formation appeared to be required for 
normal SQT-1 function, though not essential for assembly. The substitution of 
cysteine residues has been suggested to interfere with cross-link formation at adjacent 
tyrosine residues (Kramer, 1996). 
2.1.7 How to assemble a C. elegans cuticle 
The fact that the different stage cuticles vary markedly suggests that some 
regulatory system must exist to ensure that the correct proteins are expressed at the 
right moment. Developmental regulation of collagen gene expression has been reported 
with some collagens being expressed thoughout the lifecycle and others being stage-
specific (Kramer et al., 1985). Analysis of BME-soluble cuticle proteins derived from 
Ll, dauer, L4 and adult cuticles, showed that the majority of cuticle proteins are 
unique to individual stages (Cox and Hirsh, 1985). This could imply that stage-
specific collagens are important in the formation of structures that are not present in all 
cuticles (e.g. the struts or alae). 
Recent evidence shows that (at least some) collagens are expressed in an 
oscillating fashion, peaking once during each moulting cycle with the peaks being 
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timed differently for the distinct genes, thus creating waves of expression (Johnstone 
and Barry, 1996).The expression patterns of six collagen genes were studied in detail 
in a synchronized culture of nematodes. RNA was prepared from samples taken at 
two-hourly intervals from shortly after hatch to young adults. The expression patterns 
were determined by semi-quantitative RT-PCR, involving the simultaneous 
amplification of ama-i (a gene which encodes for RNA polymerase II and is believed 
to be expressed constitutively during the lifecycle) and the gene of interest. Adult-
specific expression was found for col-12 and sqt-1, suggesting that these collagens 
may be involved in adult cuticle growth. Since this study was limited to only six 
collagen genes (whereas the collagen family is believed to comprise - 100 members) 
the expression pattern of other collagen genes remains speculative, but further analysis 
should reveal if most collagens can be grouped into these waves of expression. 
At present it is not known if collagens are homotrimers or heterotrimers, but 
the presence of conserved cysteine residues in the carboxy terminus makes it likely that 
the formation of heterotrimers will be limited to members of the same collagen 
subfamily. This view is supported by the finding that the expression pattern of the 
collagens studied correlates with the grouping of these collagens into the subfamilies. 
However, in a previous study different expression patterns for collagens within a 
family and similar patterns for collagens belonging to distict families were reported, 
but the detection method used in this study (hybridization to phage library) is far less 
sensitive than semi-quantitative RT-PCR (Cox et al., 1989) 
Cuticle synthesis in C. elegans requires extensive regulation ensuring that at 
specific times during developments (ie. at the moults) the appropriate cuticle is formed. 
A regulation model is proposed that integrates cycle-internal, cycle-specific and 
positional regulators (see Figure 1.4). 
A simplified view of development in C. elegans would be that during each 
larval stage a specific developmental program has to be completed which might consist 
of a series of sequential events, the last one of which would be the trigger for lethargus 
and moulting. This program must be able to adapt to environmental signals (like 
temperature shifts) and therefore requires a control mechanism to synchronize the 
developmental events in the different tissues. 
As evidenced by data from the study by Johnstone (1996) during each larval 
stage essentially four waves of expression of collagen genes are generated. This could 
be achieved by sharing of promoters between collagens expressed in the same wave. 
Interestingly, sequence similarities in the 5' flanking regions of collagens with the 
same stage-specificity have been reported (Cox et al., 1989; Bird, 1992). Additionally 
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expression waves can be induced by the sequential activation of (groups of) 
transcription factors. 
Cross-linking enzymes would be predicted to be expressed at the moults. The 
expression of tyrosinases could be arranged in a similar fashion as the regulation of 
collagens from which expression peak at the moults. 
The presence of transcription factors that are present only in specific tissues 
could provide additional regulatory control. It is conceivable that different cuticular 
structures are composed of distinct sets of collagens. For example transcription factors 
that drive the expression of alae-specific collagens, could be present exclusively in the 
seam cells (which are indispensable in the formation alae, see above). 
As mentioned before, some collagens appear to be expressed stage-specifically. 
The expression of these collagens could be under the (indirect?) control of the 
heterochronic genes, a set of genes that are involved in the timing during development 
of specific cell fates in a variety of tissues, including the hypodermis (Ambros and 
Horvitz, 1984; Ambros and Moss, 1994). Notably, the heterochronic gene lin-29 that 
is required for the larval-to-adult switch (Ambros, 1989), was recently shown to be 
responsible for the suppression of col-17, a larval-specific collagen, and the activation 














Figure 1.4 Events integrated in cuticle synthesis 
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* 2.2 Cutictin 
Alter extraction of the cuticle with SDS and BME, significant material remains: this has 
been termed cuticlin. This protein (or group of proteins) was first detected in Ascaris 
cuticle and appeared to be resistant to bacterial collagenase (Fujimoto and Kanaya, 
1973). Recently, genes that encode for non-collagenous components of the C. elegans 
cuticle have been cloned (cut-] and cut-2) (Sebastiano et al., 1991; Lassandro et al., 
1994). The CUT-i protein was believed to be dauer-specific and to localize underneath 
the alae, but was later shown to be present in the cortical layer of all stages, though the 
location under the alae appeared to be dauer-specific (Ristoratore et al., 1994). CUT-2 
protein is not stage-specific and like CUT-i localizes to the cortical layer. Steady-state 
mRNA levels of cut-2 are higher just before the Li to L2 molt, when the new cuticle 
is synthesized. A conserved AAP(A/VII) repeat is present in both CUT-2 (13-fold) and 
CUT-1 (4-fold). Most interestingly many of these repeats contain a tyrosine residue, 
indicating a possible role for these motifs in cross-linking of cuticlins. 
Recently a similar motif has been described in Ascaris suum cuticlin (Bisoffi et al., 
1996). Notably, recombinant CUT-2 can be cross-linked in vitro by horseradish 
peroxidase in the presence of 1 ­1202 , a process during which dityrosine bonds are 
formed (Lassandro et al., 1994), though it should be kept in mind that this reaction is 
not very specific. As sequencing of the C. elegans genome reaches completion, more 
and more cuticlin genes emerge from the database. A sequence similarity search showed 
that cuticlins form a multigene family with 15 - 20 members. Most cuticlin genes are 
similar to cut-], only one cuticlin gene with similarity to cut-2 was found. The 
similarity between cut-] -like genes is highest in the central part of the gene, besides the 
conserved AAP(AIV/I) repeat is absent from the cut-i like genes. 
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3. Tyrosinases and phenoloxidases 
Tyrosinases belong to a group of enzymes named phenoloxidases, which catalyze the 
oxidation of different phenolic substrates. Tyrosinases and phenoloxidases are found 
in a wide variety of organisms, including fungi, plants, insects and vertebrates. 
Phenoloxidases are implicated in various biological processes. In mammals tyrosinases 
catalyze the first steps of the melanin synthesis pathway and are also involved in the 
synthesis of the neurotransmitters dopamine and epinephrine; the function of 
phenoloxidases in plants has yet to be elucidated, though it is conceivable that they are 
involved in betalain (red pigment) synthesis and defence against invading pathogens 
(Joy et al., 1995; van Gelder et al., 1997). Browning after tissue damage has also been 
attributed to phenoloxidase activity (Underhill and Critchley, 1995); phenoloxidases 
play a major role in the sclerotization (and melanization) of insect cuticle and in insect 
immunity, and they are implicated in wound healing reactions (Ashida and Yamazaki 
1990). 
In all the processes mentioned above tyrosinases hydroxylate and oxidize 
phenolic substrates (like tyrosine) which results in the formation of quinones. Tyrosine 
bonds can be formed from quinones which are highly reactive reaction intermediates. 
Tyrosinases should therefore be well capable of catalyzing the formation of tyrosine 
bonds in the nematode cuticle. 
* 3.1 Melanin synthesis in vertebrates 
Tyrosinases in vertebrates are involved in the synthesis of melanin, a pigment that is 
mainly found in the skin but that is also present in hair and eyes. Tyrosinases are very 
stable single chain peptides (Lerch, 1988) that are resistant to digestion with proteinase 
K (Yurkow and Laskin, 1989). Tyrosinase catalyzes the formation of biopolymers via 
the conversion of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) 
(monophenoloxidase activity) and the subsequent oxidation of DOPA to Dopaquinone 
(diphenoloxidase activity). Dopaquinone will undergo further reactions which finally 
results in the production of insoluble melanin pigment. The first two steps in the 
synthesis pathway are catalyzed by tyrosinase, and though the rest of the reactions can 
occur non-enzymatically, at least two more tyrosinase-related proteins (TRP- 1 and 
TRP-2) are known to function downstream of tyrosinase (Tsukamoto et al., 1992; 
Jackson et at., 1992; Kobayashi et al., 1994; Jiménez-Cervantes et al., 1994; Budd 
and Jackson, 1995). 
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Different forms of mammalian tyrosinase can be distinguished. The major 
soluble form (Tl) results from glycosylation of the T3 precursor form. T2 represents a 
range of glycosylation intermediates. The soluble forms are packaged into vesicles and 
transported to the melanosomes, where tyrosinase is incorporated into the 
melanosomal membrane (T4) (Lerch, 1981; Hearing Jr, 1987). 
The melanin synthesis pathway has 2 branches, leading to the production of 
either eumelanins (black and/or brown pigment) or pheomelanins (red and/or yellow 
pigment) (see Figure 1.5). The production of eumelanins is induced by binding of 
melanocyte-stimulating hormone (MSH) to its receptor. This action is antagonized by 
agouti protein that is produced in the hair follicles, causing a switch to the production 
of pheomelanins (Lu et al., 1994). 
20 
00211 	E4O.. e' 00211 	0 	 002H 
HO_CT 	
II _I NH 	 —s- 
lyroalnase H0' 	 2 Tyroslnace 0 	 gIutaThne or 
Tyrosine 	 DOPA 	 DOPA qulnone 	
cYslelna 
HO 	H 	2H 
Tyrosinase andlor 	 Leoc000PAchrome 





HO 	 00211 
Indole-5,O-qulnono 	 DHI 	 DOPAthrome 
DOPMhrome ta~ braseJ1J 00 
HO ELJMELANINS 	
OJLCO2H 	 Aoxidase 	
DHICA 
IndoIe.58-quInons-2-carbolIc acid  
HO,q~ 002H 
2HN 4002H 
0ysteInl DO PA 




Figure 1.5 The eumelanin and pheomelanin biosynthetic pathway. From (Kobayashi, 
et al. 1995). 
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* 3.2 Trematode eggshell synthesis 
Trematode eggs are composed of 30-40 vitelline cells and one fertilized ovum. 
Vitelline cells from the vitelline gland and an ovum derived from the ovary assemble on 
their way to the ootype, where they become encapsulated by a protective eggshell. 
Eggshell protein precursors are produced in the vitelline cells and stored in secretory 
vesicles. Upon entering the ootype, the eggshell precursors are released by exocytosis 
and cross-linked by phenoloxidases that are also present in the secretory vesicles 
(Wells and Cordingley, 1991). Apparently the acid environment in the vesicles 
prevents the precursor proteins from premature cross-linking, since a rise in pH can 
rapidly induce the fusion of the eggshell proteins (Wells and Cordingley, 1991). In the 
same study it was shown that a rise in calcium levels can trigger exocytosis of the 
secretory vesicles. 
Sequencing of cDNAs encoding for eggshell proteins showed them to be rich 
in the amino acids glycine, tyrosine, aspartic acid, lysine and histidine, some of which 
are nucleophiles that would readily react with quinones. However little tyrosine is 
found in the mature proteins for most tyrosine residues appear to have been converted 
to DOPA, possibly due to the action of phenoloxidases (Cordingley, 1987). 
In contrast to former beliefs that phenoloxidase activity is restricted to female 
worms (Seed et al., 1978), phenoloxidase activity has been detected in male 
schistosomes, though at a much lower levels than in females (Eshete and LoVerde, 
1993; Ribeiro-Paes and Rodrigues, 1995). Histochemical staining showed that the 
phenoloxidase activity in females is concentrated in the vitelline glands, whereas weak 
staining can be seen in the whole body of male worms (Bennett et al., 1978; Ribeiro-
Paes and Rodrigues, 1995). In several studies the effect of phenoloxidase inhibitors on 
schistosome egg production was determined and these studies show that as a result of 
the inhibitors only abnormal eggs are produced, if any (Machado et al., 1970; Bennett 
and Gianutsos, 1978; Seed and Bennett, 1980). More direct evidence for the 
involvement of phenoloxidases in trematode eggshell synthesis was provided more 
recently by experiments in which an enzyme-rich fraction from Schistosoma mansoni 
was used to hydroxylate and oxidize tyrosine residues on a recombinant putative 
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Figure 1.6 The phenoloxidase system in Drosophila 
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The putative prophenoloxidase DoxAl has a CuA and CuB site and shows 
similarity to arthropod haemocyanins (Fujimoto et al., 1995). However, apparently no 
Cu-binding sites are present in DoxA2 , though DoxA2 activity can be inhibited by 
1-phenyl-2-thiourea (PTU), a potent phenoloxidase inhibitor. Curiously, DOXA2 was 
shown to exhibit considerable similarity to a seemingly unrelated protein, the mouse 
cell turn- antigen P91A, which is a transplantation antigen expressed by a mutated 
tumor cell line (Pentz and Wright, 1991). However more and more evidence 
accumulates suggesting that DoxA2 could be involved in regulation of the cell cycle 
and may not be a diphenoloxidase itself, but merely an activator of the enzyme 
complex. A monoclonal antibody was used to isolate a nuclear protein and the 
corresponding cDNA clone from proliferating carrot tissue (Daucus carotci L.). The 
deduced amino acid sequence has 45% identity with the mouse P91A protein, and gene 
expression appeared to strongly correlate with cell division (Smith et al., 1988; Smith 
et al., 1993). In a recent study it was shown that DoxA2 can functionally substitute its 
yeast counterpart sun2. Sun2p (homologous to both DOXA2 and mouse P91A) is a 
suppresor of Ninip, which is believed to play a role in the regulation of the yeast cell 
cycle. Ninip is a component of the regulatory subunit of the 26S proteosome, which 
performs an essential function in protein degradation via the ubiquitin pathway. 
Inhibition of the 26S proteosome results in mitotic arrest (Kawamura et al., 1996). No 
diphenoloxidase activity could be detected in crude extracts of yeast overexpressing 
Sun2p, moreover diphenoloxidase activity of DOX-A2 protein was measured in a 
crude extract from Drosophila pupae. Therefore it seems likely that DOX-A2 itself is 
not a diphenol oxidase, but perhaps an activator of the enzyme. 
3.3.2 Insect immunity 
Insect immunity is based on three different processes: phagocytosis, encapsulation and 
the release of antibacterial peptides. 
If the invading organism is c 101im, it will be phagocytosed by specialized 
haemocytes. Opsonization enhancing phagocytosis has been described in insect 
immunity and activated phenoloxidase has sticky properties and might act as an 
opsonin (Leonard et at., 1985). 
If the invading organism is to large for phagocytosis, haemocytes attach 
themselves to the intruder in order to neutralize it. This phenomenon is called 
encapsulation and is often accompanied by the deposition of melanin (Lackie, 1980). 
An example of the importance of encapsulation is provided by a study on refractoriness 
of Anopheles gambiae to Plasmodium infection. Encapsulated Plasmodium oocysts 
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were found on the midgut of refractory strains of Anopheles, whereas the susceptible 
strains showed low encapsulation of the parasites (Collins et at., 1986; Collins and 
Basanski, 1994). Although the prophenoloxidase system is involved in encapsulation, 
no differences in the activity and distribution of prophenoloxidase in the midguts of 
refractory and susceptible strains could be detected (Brey et al., 1995). 
Several antibacterial peptides have been described to be released in defence to 
invading microorganims. Cecropins are prepeptides that upon activation lyse bacteria 
but not eukaryotic cells. They are more potent than defensins and magains (Boman, 
1991). Antibacterial peptides also include lysozyme and recently discovered proteins 
named netalnikows (Russell and Dunn, 1996; Chernysh et al., 1996). 
As mentioned above phenoloxidases involved in immunity exist as 
proenzymes. Studies using serine protease inhibitors provided evidence that 
phenoloxidases are activated by serine proteases, that in their turn require activation. 
The activating system is calcium-dependent (Smith and Soderhall, 1986). 
The phenoloxidase activating system can be triggered by microbial products. 1-
3-8-glucans derived from fungi activate prophenoloxidases through binding to 1-3-13-D 
glucan binding proteins which are present in insect plasma and blood cells. This 
protein was also revealed to act as an opsonin which enhanced the phagocytic uptake 
of yeast particles by haemocytes. 1-343-D glucan binding protein cannot activate 
prophenoloxidases by itself and does not possess phenoloxidase activity (Ashida et al., 
1983; Soderhall et al., 1988; Duvic and Soderhall, 1990; Cerenius et al., 1994). 
Though capable of inducing an immune response, the role of 
lypopolysaccharide (LPS), a bacterial endotoxin, in activating the phenoloxidase 
system remains controversial (Brehelin et al., 1989). Reported results range from 
stimulation and no effect to even an inhibitory effect at high concentrations of LPS 
(Smith and Soderhall, 1986). 
It has been argued that the activation of the prophenoloxidase system by 
microbial products might play a role in non-self recognition (Ratcliffe et al., 1984). 
However as yet no direct evidence to support this hypothesis has been provided. 
It seems clear that quinones generated when the phenoloxidase system is 
triggered, are not only toxic to the intruders, but also to the host. It has been suggested 
that quinone methide isomerase serves to control this toxicity by converting the 
quinones to non-toxic metabolites (Saul and Sugumaran, 1989). 
* 3.4 Phenoloxidases in nematodes 
Currently only two examples of nematode tyrosinases have been described. Cuticle 
scierotization in nematodes has been described in the potato cyst-nematode Globodera 
rostochiensis. After maturation the female cuticle scierotizes to form a cyst filled with 
eggs that still contain viable eggs alter they have remained for 20 years in the soil. The 
tanning has been reported to be due to the activity of a phenoloxidase that is present in 
the cuticle (Awan and Hominick, 1982). Phenoloxidase activity presumably associated 
with eggshell tanning has been observed in Trichuris suis females. Only minimal 
phenoloxidase activity was detected in homogenates of male worms (Fetterer and Hill, 
1993). 
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The identification of tyrosinases in C. elegans 
1. Introduction 
Tyrosinases are good candidate enzymes for cross-linking of cuticular proteins. 
Tyrosinases posses the two catalytic activities required for the formation of tyrosine 
bonds, which is shown in figure 2.1. Tyrosinase catalyzes the hydroxylation of 
monophenols (like tyrosine) and the subsequent oxidation of the diphenolic substrates 
to quinones. Quinones can simultaneously react with two nucleophiles or quinones on 
adjacent proteins whereby forming a bridge between the proteins. For the 
hydroxylation of monophenolic substrates, mammalian tyrosinase uses DOPA (also a 
product of this reaction) as a cofactor (Hearing and Ekel, 1976). Tyrosinases can be 
roughly divided into three domains: a N-terminal domain including the signal peptide, 
a central region which contains the CuA- and CuB-site and a C-terminus domains (van 
Gelder et al., 1997). Most similarity is found around the conserved Cu-binding sites, 
that are essential for the enzymatic activity of tyrosinase. 
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Figure 2.1 Tvrosinase activities: monophenoloxidase (or cresolase) activity, 
hydroxylation of monophenolic substrates; diphenoloxidase (or catecholase) activity, 
oxidation of diphenolic substrates. The intermediate formed is a quinone. 
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Tyrosinases share homology with other copper-binding proteins. Invertebrate 
haemocyanins are oxygen transporter proteins present in the haemolymph that also use 
copper-ions to bind oxygen at their active sites. Like haemocyanins, tyrosinase has a 
CuA- and a CuB-site with conserved histidine residues that are responsible for the 
binding of Cu-ions. Two classes of structurally different haemocyanins exist: 
molluscan haemocyanins and arthropodan haemocyanins. 
Molluscan haemocyanins are large cylindrical polypeptides that are composed 
of 10 - 20 subunits. These subunits are each built of 7 - 8 functional units, depending 
on the species. One binuclear copper-site per functional unit is found (Hazes, 1993). 
The functional units are the result of a gene duplication and share 42% amino acid 
identity on average (Lang and van Holde, 1991). 
Arthropodan haemocyanins consist of hexamers or multihexamers of subunits, 
each of which contains an oxygen-binding site. In contrast to molluscan haemocyanins 
where only 1-3 different subunit types are present, arthropodan haemocyanins may 
contain up to 8 different subunit types. The subunit types show significant functional 
and structural differences, and each subunit type appears to occupy a unique position 
in the haemocyanin molecule (Hazes, 1993). Moreover, the existence of a 
developmentally regulated subunit has been reported in the crab Cancer magister 
(Durstewitz and Terwilliger, 1997). 
Tyrosinase and haemocyanin bind oxygen at their active site through two 
copper ions, that are coordinated to nitrogen atoms of three conserved histidine 
residues. The CuA- and CuB-site of arthropodan haemocyanins are very similar and 
show a characteristic H-X-X-X-H pattern. These two histidines originate from 
successive turns of an a-helix, the third histidine is donated by a second a-helix that 
immediately follows the first helix and runs anti-parallel to it (Gaykema et al, 1984). 
The molluscan CuB-site is similar to the arthropodan CuB-site, the CuA-site however 
does not show the H-X-X-X-H pattern. 
Below the identification of tyrosinase genes in C. elegans will be described. 
2. Methods 
Handling of bacterial strains, phage stocks and the preparation of DNA is described in 




As described in the introduction tyrosinases are related to other copper-binding 
proteins like haemocyanins. It was therefore reasoned that the Cu-active sites of 
haemocyanins could be used in a similarity search to identify tyrosinase genes in the 
gene databases. 
Two putative tyrosinase genes in C. elegans were identified by a search of the 
GenBank database with the Cu-active sites of haemocyanins, using algorithms 
implemented in the BLAST (basic local alignment search tool) program (Altschul et al., 
1990). The first one which will be referred to as tyr-1, is the predicted (by the genome 
project) gene CO2C2.2 that is located on cosmid CO2C2. The second putative 
tyrosinase (tyr-2) is encoded by a partial cDNA cml8dl2 and cosmid K08E3 which 
like CO2C2 map to chromosome III. The full genome of C. elegans is being sequenced 
by the C. elegans project and is expected to be completed at the end of this year 
(Sulston et al., 1992; Wilson et al., 1994). A physical map covering the 100 Mb C. 
elegans genome has been constructed from cosmid clones and YACs (Yeast Artificial 
Chromosomes). Cosmid contigs were assembled by fingerprinting analysis and linked 
by hybridization of YACs to grids of selected cosmids (Coulson et al., 1995). The 
GENEFINDER program uses properties such as codon usage and splice recognition 
sequences to predict gene structures of putative C. elegans genes. C. elegans introns 
tend to be short and splice site consensuses are usually well conserved (Hodgkin et al., 
1995). All data are collected in ACeDB, a C. elegans database (Sulston et al., 1992; 
Wilson et al., 1994). Two other tyrosinases were found by continous searching of 
ACeDB with lyr-] and tyr-2 sequences. tyr-3 (F21C3) and lyr-4 (C3406) are both 
located at Chromosome I and were predicted by the genome project. 
The cosmids obtained from the Sanger Centre were first checked for the 
presence of an insert by a restriction digest. Therefore DNA was prepared from single 
bacterial colonies and cut with EcoRI (Fig. 2.2). Because none of the CO2C2 clones 
contained an insert, this cosmid was replaced with T25G10, which is in the same 
position on the physical map as CO2C2. For the same reason K08E3 was replaced 
with T27A9. The presence of the tyrosinase genes on the relevant cosmids was shown 
by PCR. 
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figure 2.2 Restriction digest of several cosnidpreps. Lane 1-5: CO2C2. Lane 6-10: 
ZC76. Only lane 8 shows a cosmid with an insert. 
32 
4. Discussion 
The identification of the four tyrosinase genes in C. elegans is based on the presence of 
a CuA- and CuB-site in each of the predicted genes. The Cu-active sites of tyr-1, tyr-2, 
tyr-3 and tyr-4 show high amino acid identity with Cu-binding sites of tyrosinases 
isolated from other organisms. An alignment of Cu-sites of copper proteins of different 
organisms is given in Figure 2.3. From the alignment it is apparent that the Cu-sites of 
the C. elegans tyrosinases align well with tyrosinases from other organisms. Two 
distinct Cu-sites (CuA and CuB) are present in all four C. elegans tyrosinases. As 
mentioned in the introduction of this chapter tyrosinases share this feature with 
molluscan haemocyanins. The different CuA-site types are shown in figure 23A 
and2.3B. It is clear from the alignment that the CuB-sites (figure 23C) are more 
conserved than the CuA-sites (figure 23A and 2.313). Insect prophenoloxidases show 
most similarity with arthropodan haemocyanins both in their CuA- and CuB-site. 
The database searches with Cu-active sites of haemocyanins and tyr-] and tyr-2 
sequences were exhaustive as they identified not only tyrosinases but also related 
genes such as plant polyphenoloxidases. However, sequencing of the C. elegans 
genome has not yet entirely been finished and it is thus conceivable that more 
tyrosinases will be identified in C. elegans. 
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Figure 2.3 Alignment of Cu-sites of copper proteins of various organisms. OCTOE: 
Octopus dofleini haemocyanin subunit e. GenBank (GB) nr M57288; HPOMD: Helix 
pomantia haeinocyanin subunit d. SwissProt (SF) nr P12031; HUMAN: Homo 
sapiens tyrosinase GB nr M74314; MOUSE: Mus musculus tyrosinase. GB nr 
X12782; RANNI: Rana nigromaculata tyrosinase. GB nr D12514; STRGA: 
Streptomyces glaucescens tyrosinase. GB nr M11302; TYRI-CE: C. elegans 
tyrosinase. cosmid CO2C2; TYR2-CE : C. elegans tyrosinase. cosmid K08E3; TYR3-
CE: C. elegans zyrosinase. cosmid F21 C3; TYR4-CE : C. elegans tyrosinase. cosmic) 
C34G6; PINTC: Panulirus interruptus haemocyanin subunit c. SP nr P80096; LIM I!: 
Limuluspolyphemus haernocyanin subunit IL SP nr P04253; CRAYFI: Pacifastacus 
leniusculus prophenoloxidase. GB nr X83494; DROSOP: Drosophila melanogaster 
prophenoloxidase A 1 . GB nr D45835. Section A: CuA sites of molluscan 
haemocyanins, vertebrate, invertebrate and bacterial lyrosinases. Section B: CuA sites 
of arthropodan haemocyanins and insect prophenoloxi ciases. Section C: CuB sites of 
vertebrate, invertebrate and bacterial tyrosinases, molluscan and arthropodan 
haemocyanins and insect prophenoloxidases. 
NOTANTWON 
Cloning and sequencing of C. elegans tyrosinase cDNA genes 
1. Introduction: trans-splicing in C. elegaris 
Two forms of splicing occur in mRNA maturation in C. elegans, cis-splicing to 
remove introns from pre-mRNA and trans-splicing of a short leader sequence onto the 
5' end of mRNAs. 
Trans-splicing was first discovered in trypanosomes, which use this 
mechanism to separate polycistronically transcribed mRNAs (Murphy et al, 1986; 
Sutton and Boothroyd, 1986). Os-splicing and trans-splicing happen in a similar 
fashion and both mechanisms use the same conserved splice sites. Trans-splicing 
apparently depends on the presence of an AU-rich region near the 5' end of the mRNA 
and the absence of a functional 5' splice donor site upstream of the 3' splice acceptor 
site. Such an intron-like structure at the beginning of a gene is called an outron, in 
contrast to introns that possess both splice sites and that are contained within genes. 
The spliced leader of C. elegans (SL1) was first discovered on actin mRNA (Krause 
and Hirsh, 1987). The 22 nucleotide long leader sequence was found to be donated by 
a 100 nt RNA transcript, on which a 5' splice site is present but not a 3' splice site. 
The spliced leader gene is located in the spacer region between the tandemly repeated 
5S ribosomal RNA genes but is transcribed in the opposite orientation in respect to the 
55 ribosomal RNA genes (Krause and Hirsh, 1987). 
25% of the genes of C. elegans are believed to be contained in operons (Zorio 
et al., 1994). Operons in C. elegans are gene clusters that are under control of a single 
promoter. Polycistronically transcribed mRNA is split into monocistronic niRNAs by 
trans-splicing reactions. In bacteria operons ensure the coexpression of functionally 
related genes. This is not necessarily the case in C. elegans, where sometimes 
apparently unrelated genes are found in the same operon. However, there seems to be 
a tendency for the presence in operons of genes which are expected to be expressed 
ubiquitously (Blumenthal and Steward, 1996). Recently, operons have also been 
found in another free-living nematode species, Dolichorhabditis (Evans et al., 1997). 
A novel spliced leader sequence, SL2, was shown to function in the partition 
of polycistronically transcribed mRNAs. Whereas the first gene in an operon is always 
spliced to SL1, genes located downstream in operons either receive exclusively SL2 or 
a mixture of SL2 and SL1 (Zorio et al., 1994). The preference for SL1 or SL2 seems 
to depend on the location of a gene in an operon , since the placing of a gene normally 
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trans-spliced to SL1 downstream in an operon, led to the addition of mainly SL2 onto 
that gene (Spieth et al., 1993). SL2 has only been described in Caenorhabditis species 
and Dolichorhabditis (Evans et al., 1997). 
Recently 5 novel SL encoding genes were discovered, that show more 
sequence similarity to each other and to SL2 than to SL1. SL4 was shown to be 
developmentally regulated and to be expressed in adult hypodermal cells only. No 
particular function for the other SLs seemed apparent (Ross et al., 1995). Whereas 
over 80% of all C. elegans genes are trans-spliced to SL1 (Blaxter and Liu, 1996), 
only a minor proportion of the genes are spliced to the novel splice leaders. 
Spliced leader sequences are universal to nematodes, though most nematodes 
contain only SL1 (Blaxter and Liu, 1996). A SL1 sequence with a single-base pair 
change towards the 3' end (SLIM) exists in addition to SL1 in the root-knot nematode 
Meloidogynejavanica ( Koltai et al., 1997) 
Several spliceosomal snRNPs (U2 - U6) are required for trans-splicing. SL 
RNAs occur in the form of snRNPs. They contain a SM-binding site to which SM 
proteins bind and a 5' trimethylated cap which is transfered to mRNAs together with 
the SL sequence (Blumenthal and Steward, 1996). In vitro studies showed that the 
presence of a SM-binding site on SL RNA is necessary for trans-splicing (Maroney et 
al., 1990). As yet the function of trans-splicing is not clear, but it is thought to play a 
role in translation initiation (Maroney et al., 1995), since the spliced leader is always 
found in close proximity (with a mean of 30 base pairs) of the start methionine 
(Blaxter and Liu, 1996). Interestingly, two embryonic lethal mutations (e2482 and 
wi), could be rescued by transformation of animals with the SL1 locus, though 
animals arrested as early larvae. These mutants lack the rrs-J cluster which contains 
the 110 tandem copies of a repeat encoding both SL1 RNA and 5S rRNA. Mutation 
of the SM-binding site in the SL RNA abolished rescue. Surprisingly, lethality of 
embryos lacking SL1 RNA could also be rescued by overexpressed SL2 RNA 
(Ferguson et al., 1996). 
The presence of a spliced leader sequence at the beginning of genes can be 
conveniently used to isolate 5' ends of cDNAs as will be discussed below. 
2. Methods 
For cloning and sequencing methods see appendices 1-14. A list of cosmids and 
eDNAs is given in appendix 31. Partial cDNA clones were available for tyr-2, tyr-3 
and tyr-4. The 5' ends of the tyrosinases were amplified using SL1 and gene-specific 
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primers. Fragments were purified and cloned into pBluescript, pMOS or pGEM 
vectors. In table 3.1 an overview of the newly isolated cDNA and gDNA fragments 
and the PCR conditions under which they were obtained, is presented. 
gene primers template fragment PCR conditions 
(yr-i SL 1 x tyrlO adult stage nearly full length 940 1 : 00/570 1:00/72° 2:00 
cDNA cDNA (30X) 
(yr-i SL1 x tyr2 mixed stage 5' end 94° 1:130/ 55° 1:00/72° 1:30 
cDNA 
(30X) 
tyr-] tyrl x tyr2 gDNA partial Cu-sites 94° Ø:3Ø/550  0:30/72° 1:00 
(30X) 
(yr-i tyr23 x DGdT Adult stage 3' end 94° 0:30/550  0:30/ 72 ° 1:00 
cDNA 
(30X) 
pet2 x DGdT previous PCR 94° 0:30/ 60° 0:30/72° 1:00 
(30X) 
tyr-2 SL1 x tyr6 adult stage 5' end 94° iow 57° 1:00/72° 2:00 
cDNA 
(30X) 
tyr-3 SL1 x 36 him-8 mixed 5' end 94° 0:15/ 55° 0:20/72° 3:00 
stage cDNA 
(35X) 
SL1 x tyr3l previous PCR 94° 0:30/ 55° 0:30172° 1:00 
(30X) 
tyr-4 SL1 x tyr47 LA moult 5' end 94° 0:30/ 55° 0:30/72° 1:00 
cDNA 
(30X) 
Table 3.1 Newly isolated cDNA and gDNA tyrosinase fragments. All PCRs were 
preceeded by a cycle at 95 'for 5 min and followed by a cycle at 72 'for iO mm. 
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3. Results 
For all four genes, full length eDNA clones were sequenced and compared to gDNA 
sequences in order to determine the gene structures of the C. elegans tyrosinases 
* 3.1 tyr-1 
The gene CO2C2.2, predicted by the GENEFINDER program (Suiston et al., 1992), 
apparently had an incomplete CuA site, since one of the conserved histidine residues, 
required for coordination of the Cu ion, was missing. Primers were designed around 
this area and used in a PCR on gDNA. The resulting 303bp PCR product was blunt-
end ligated into pBluescript. Three independent clones were sequenced, one of which 
on two strands, revealing an extra C at position 1060 (in bold and underlined in Figure 
3. 1), which restored the conserved histidine in the CuA site. From the resulting 
frameshift, the intron in the sequenced area is now predicted to be 53 bp instead of 110 
bp. This was further confirmed by RT-PCR, which at the same time showed tyr-i to 
be expressed. 
The frameshift caused by the extra C resulted in a change in the predicted gene 
structure of (yr-1, as the smaller upstream gene CO2C2. 1 was now likely to include the 
actual beginning of (yr-1. To test for this possibility an RT-PCR was done with a 
primer complementary to the spliced leader sequence (SL1) and a (yr-i specific primer 
(tyr2). A 550bp product, representing the true beginning of (yr-1, was cloned into 
pBluescript, sequenced and indeed turned out to be the predicted upstream gene 
CO2C2.1. 
RT-PCR with oligo-dT primer and gene specific primers showed that (yr-i has 
a 248 base pair 3' UTR with a polyadenylation signal at position 3261 (see Figure 
3.1). The sequence of (yr-i is shown in Figure 3.1. The length of (yr-i genomic DNA 
is 3286 base pairs, of which tyr-i cDNA comprises 1730 base-pairs. Both the trans-
splice site, 6 base pairs upstream of the start-methionine, and the polyadenylation 
signal are underlined in the figure. 
* 3.2 tyr-2 
The 3' end of iyr-2 cDNA cml8dl2, was obtained by PCR on XSHLX2 phage with 
vector primers (Ti and SP6) and subcloned into pBluescript. The 5 end of tyr-2 was 
isolated by RI- PCR with SL1 and a tyr-2 specific primer (tyr6). At standard PCR 
conditions (annealing temperature of 550)  a —600 bp band could be amplified, which 
-is 
was cloned into pBluescript and sequenced. Comparison of this sequence with 
GenBank database sequences revealed it to be part of a putative Ca-ATPase. Slightly 
more stringent conditions (annealing temperature of 570)  yielded a 1.6 kb band, 
which after cloning and sequencing was shown to be the 5 end of tyr-2. The traits-
splice site at 5 base pairs upstream of the start-ATG is underlined in Figure 3.2. 
To obtain the full length cDNA sequence of tyr-2, two pairs of overlapping 
clones were sequenced on both strands. In addition gDNA clones and gDNA PCR 
products spanning the entire length of tyr-2 were sequenced in order to determine the 
gene structure of tyr-2. 
The 3' UTR of tyr-2 is 207 basepairs long and a polyadenylation signal is 
present at position of 3039 of the tyr-2 gDNA (see Figure 3.2). Figure 3.2 shows the 
full length genomic sequence of tyr-2. The upstream region is included in the figure 
because sequencing of cosmid K08E3 has not yet been finished by the genome 
project. The numbering of base pairs starts from the start-ATG. The gene size of tyr-2 
is comparable to that of tyr-1, with 3056 base pairs of genomic sequence and 2050 
base pairs of cDNA. 
* 33 tyr-3 
Sequencing of overlapping iyr-3 cDNA clones revealed several differences from the 
gene structure as predicted by the C. elegans genome project. Different splice sites 
were found to be used in exon 3 and in exon 13. This causes the exons to be 
respectively 30 and 10 basepairs longer than predicted. Extra introns are present within 
exon Sand within exon 11 and both the 5' and 3' end are at different positions than 
predicted. The predicted first two introns appeared not to belong to the cvr-3 transcript. 
Curiously, for tyr-3 two different trans-splice sites are used at -81 and -108 relative to 
the start-ATG (underlined in Figure 3.3). This does not lead to differences in the 
coding sequence. The 5' splice-site of intron 3 is not in accordance with the GT 
consensus and begins with GC. Moreover, an unusually long intron (706 basepairs 
instead of the predicted 161 basepairs) is found at the 3' end of tyr-3. No 
polyadenylation signal was found in the 76 basepair 3'UTR. The full length sequence 
of tyr-3 is shown in Figure 3.3. lyr-3 is the largest C. elegans tyrosinase with a 
genomic sequence of 4495 base pairs and 2110 base pairs of cDNA. 
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* 34 tyr-4 
The intron-exon structure of tyr-4 turned out to be as predicted by the C.elegans 
genome project. In the 3' UTR (83 basepairs) a polydenylation signal is present at 
position 3741. The trans-splice site at 18 base pairs upstream of the start-ATG is 
underlined in figure 3.4. tyr-4 genomic DNA is 3759 base pairs long, cDNA measures 
1831 base pairs. 
01, 
- 37 TATTTTATGCTCTCAAAACATCCCTTT ?CAGACAAAA 
1 ATO COT CCC On COT CCC TTC COG CTT COT CCC T'TC Cr1 no rn TCC CCC 
N C R L R A F R L R A F L L F S C 
52 ACA CTG OCA OTT Afl AGC ACA ACA GTA CAT CCC CAC TTT  AAT TOG TCA 
T L A V I S T T V H A 0 F N C S 
100 GAO OCT CCT CAT TCA 0 




275 AC ATC GTC CAA ACA TCC CAT ATO CTC CAA GAA TOG GAC AGT GCT GCA 
U N V Q T C H M L Q E W D S A A 
292 COG OCA CCC AAG CCA Afl AGA AAA CCC GAO OCA TTC  AAT CCA CCT CCT 
R A R K A I R K R Q A F N A C A 
340 CCA CCA Gn CAC CCC rn' TCT CCA TCA AAT CCA CCA COA fl'T GCT CCA 
P G V Q C F S P $ N P P R F A P 
388 TCA OCT CAA GCA TCC ATC AAT ATA CCA TCC ATC TOT CCC TAT ATC CCC 







831 CTTGMAAACAAAPAATAAAACCAAAATTTAAAAATTC TAG 
871 CCA CGA MC CCA AAT CCA TOT ATC CTA CCA AAT CCC CAA CCT TAC rPA ATG 
O R M A N C C I L P N C Q P Y L N 
922 OCA TAT ACA AAA GAO TAT AG 
A Y R K H Y R 
942 GTATTACATA27CATCTAATTTAC3ATACpJJATTTTAG 
952 A ATC ATO TCA CAT AAC CAA CCA CAA COG TOG CAC AAT CCC CTA ATA CAA 
MM S 0 N H R Q H W H N A L I Q 
1001 flO MA COT TCA CGA CAA TAC GAP COT On TCA CTA ATC CAT CCA CAA OTT 
L K H S 0 H '1 0 H L S V N H H 0 V 
1052 CCC TCA OC TCC OCA OCT CAT TCC OCT CCA CCC no Cr1 CTC TCG CAT ACA 
C S A S C A H S C P C F L V W H H 
1103 CAA TAC ATC AAA ACA ATG CAA Afl OCT Cr1 ACA ATO Afl CAT CCA CGA ATA 
H Y N K H M H I A I. H N I 0 P C I 
1154 TCT ATG CCA TAT TOG CAT TCT On CTA GAA TCA TAT Cr1 CCC CAT CCA ACA 
S M P Y W U S V L E S Y L P 0 P H 
1205 CAC TCT Afl ATG rIT OGA CCA CAA rl'T ATC OCA ATO ACT OAT OCT TCT OCT 
U S I N F C P Q F N C N T U A S C 
1256 CAA no on ACT GOT CCA 'ITT OCT OCA no ACA ACA CTT (3AA OCA ACC CCT 
0 L V S C P F A 0 F H T L E C H P 
1307 AAT Afl Afl ACA AGA ATC OCT ACT CAA CCC AAA ATG TTC ACT CPA CAA PAT 
N I I R H N A T B C K N F T B Q N 
1358 ArI AAT AAT TTG ATG OCA CAA AAT CAT nO on AGC OTA ATG OCT TTC ACT 
I N N L N A 0 N U L V S V MA F T 
1409 CCT CCA CPA OGA C 
A P Q C 
1422 O TAATCTATTTA=ATCGAATnTAC77AAAA7T7TGAAA TAT TGCAG  
1471 CA TCC CCA TTC COT CCC TAT TTT CGA CCO CU GAO TAT ACT CAT CCA TCA 
C C P F H P Y F C A L B Y T H A S 
1521 An CAT TTA TOG ATG CCC CGA CAC ATG AAA CCA CCA TCA ACA TOT CCA PAT 
I H L W N C C D H K P P S T S A N 
41 
1572 GAC CCA Cr2 rrc flC CTC CAT CAC  ACA flT GTC CAT Tfl' Afl TOG  GAA ATG 
D P V F F L H H T F V D F I W E M 
1623 TCC ACA CAA AAT CAC GAG AAT AGA rrr CCA AGA CPa PaT 
W R Q N H Q N R F A R E N 
1662 G TTCGTTAAAGrATGAAAAATTACTGTAPJL4PJAGA7rTATTTTCAG 
1708 CAA TAT CCA CCA GAC AT CCC CCT TOT (3CC PaT TCT CAA CAC nC ACT TAT 
Q Y P P D I A A C A N S 0 H F S Y 
1759 OCT CAA ATC AGA CCT TOG CAT AAA Afl PAT COT CAT C 
A Q M R P W D K I N R D 
1796 
1871 
1922 CT CTC TCG PAT CCC TAC ACT CAT AM' flO TAT CAC TAT OCT CCT CCT CCA 
C L S N A Y T I) N L Y H Y A P R P 
1973 ACG TGT AAC COT AAT AAT CCC %AC TGC OGA TCT CAA TAT CTG flC TOT CAT 
T C N R N N A N C G S Q I L F C D 
2024 ACA COT CCC AAT CCA CAT TGC GTG CCA AAG GTG AAG CCA CCT COT flG TGC 
T R C N P H C V A K V K P (3 C I. C 
2075 COT GGA flC GAA GGA flA CAT TCT TOT TAC ATO GOT ACA TCT Gfl GCT GTh 
R C F F C L D S C Y M G T C V A C 
2126 TGC TGT ACA GOT OGA CAA CAC nrC CPA CAG 
R C C Q Q F Q Q W C 
2156 
2231 
2298 CCA CCC CPA ACC ACT Cat GTG CCT ACT Gfl CAA CAA CCT CAG CAC GAG CCC 
P A 0 T T A V A T V Q Q P Q Q Q P 
2349 CAG CAA CAG CAA CCA CAC CAA GAG AGA CCA CCC ACA ACC CCA CPA TCT 
0 Q 00? 00 Q R PAT T P Q $ 
2397 GTAAGCTAATCCTCACTGGAACACGTGCAJJATGTCTAATATTTCAG 
2444 AAT TOG 'MC AAC GAA CAT CCA TCC TGT AAT CAG TOG TCT COT CAG AAT GAG 
N C Y N E D P C C N Q W S R Q N S 
2495 TOT CGA ACA AAT ACA On TAC ATG AAT ACA TAT TOT AGO AAA TCT TOT GGA 
C R P N T V I 14 N R I C R K S C C 
2546 TTC TCT CAC TCT AAT CAT AAC AAT AGA 0 
L C Q $ N D N N R 
2574 GTGTG 
2649 
2726 TGAAATAn TTGCGTTITATCATAATAATCGAAA4CTTCCTA TGTP WrATPJJACC%PJATGAG  T2'CAG 
2795 GA TOT CAT CAT COT CAC ATA TCT TOT CCC TAC TOG CCT CGA CAC AAC flC 
C C H D R H I $ C A Y W R C Q N F 
2845 TCT ACC CCC COT CGT CAA TCG ATG GCT GAA PAT TGT CAA GCA ACA TCT CCA 
C T R R R Q W 14 A S N C Q A T C C 
2896 TOG TOC AAT ATG AAC CAA CCT CAA flA TOT CCA TCA On OCT COT CAA TCA 
W C N 14 N S A 0 L C A S V A It 0 5 
2947 AGA AGA Cr2 CGA ACA AAT CCA AAG nrc TOG CTC ACT GAG CCA CAT WA  CAT 
R It V It R N A K F W L T E P D A D 
2998 GAC Tfl Cfl CAT OAT fiT ATO CT CAT TAT CGA CGA TAA 






Figure 3.1 DNA sequence of tyr-1. The Tat -37 is base pair 10802 of cosmid CO2C2. 
Splice-sites are in bold; the SLI trans-splice site is also underlined. Introns are in 






























1 ATt3 CGT TOG AGO CCA Afl nO ACG AGO CPA TTA CTA TTA TGC GTG OTA CTA 
H R W T P I L T T L L L L C V V L 
52 Afl TCC OTA GCA CCC CPA AAO TCA ACA ACT AAG AAA OGA OCT Gfl CCC GGA 
I S V A 0 V K $ T P K K G A V G C 
103 ACA CCC GTG CGA AAG ACT ACT GPO AAC AAG On OCT GTG AAG AAC AAG AAT 
T A V R K T P V K K V A V K N K N 
154 APC CAA COT ATO AAT CAG AAG CCC TOG AGA GAA CCA CCA AGA OAT TOT TCA 
I Q R H N Q K R W R H P P R D C $ 
205 GAP OCT CCC AAA GAG flO AAG GAG ACT TOT fiG ATG 
D A P K H L K Q T C L H 
241 
317 AATAGAACACArZTCCAG 
335 ATC COT CCA APG GAC Cfl CCC ACT COT CCC AGO flA CCC COT GAG TOT On 
I R R H D 1. A T R H H L A H Q S V 
386 AGA CAA ACO COT CCC AAC CAA OTA CCA AAC TOG Cfl GAG CCT Afl CCA OTT 
H Q T H P N Q V P N W L Q P I P V 
437 CCC CCC AAT CCT COT CCC CAA CCA Ca TAC CAT CCA TAT GAG TOT ATG ACA 
P A N A H C Q A A Y H P Y D C M T 
488 CTT Cfl TOC no TOC CCA ITT T1'C AAT 




710 GOT CGA AAC GTG AAT OCA GAG TOT Gfl no TCC AAT CCC Ofi GTG nO AAC 
0 H N V N 0 Q C V I, S N 0 V V L N 
761 ATG TCG TOG AGA AAA GAO TAT CCC kEG ATG ACC GAA GAG GAG AGA AGA AG 
H $ W H K E Y H H H T H D E H H H 
811 GTTGTGC4CATAACCCAGCGCTTTACTCTTC7TTCAG 
865 A TOG CAT AAC CCC fiG AAC ACC GTE AAG CGT AAC GGA GAA TAG CAT COT 
W H N A L N T L K H N C H Y D H 
Ml 
914 CTG TCC CM CAG CAC P1'G GAA Gn GCA Cr2 CCC WT CCA CCT CAC TCC CCC 
R Q H L E V C V G S C A H S G 
965 CCC CGT flC CTC CCA TGG CAC AGA GAA TAC CTG AAA CGT GTC GAA ATC CCC 
P C F I.. P W H 14 E Y L K R V E I A 
1016 CTC CGT ATG CTC GAC Ca ACA GPC flC Afl CCT TAT TGG CAT TCT CTC ATC 
L R H V D P T V F I P Y W D S V H 
1067 CAC TCG TAC Cr2 CCC CAC CCA AGA GAC TCG ATC ATG flC ICC GAC CTG fl'T 
D S I L P D P 14 D S I H F S fl L F 
1118 Cr2 CGT CCC ACA GAC TAT TAT GGT AAC GTG GTG ACA GGA CCA rn' CCC TAC 
V G G T D Y Y G N V V P C P F A Y 
1169 TGG AGA ACC ATC GAA GGA AGA TCT ACT An flG AGA AAC CTC CCC CCT CAA 
W 14 T I B C 14 S T I L 14 N L C A B 
1220 CCA CAG r1'C flC AAT GAG AAT CAA GTC AAC ACA Afl Cr2 GCT CAA AAC ACT 
C Q I. F N B N Q V N T I V A Q N T 
1271 Afl GAG AAT ACT flG GCC TAT ACC Ga CCA GAG CCA G 
I B N I' L A Y T A P Q P 
1308 GTAAACACTTATTGMAAThGACAATGCGC7FrTCCTACfTCGCAA1CPJAATCJATCAGAAATTTATCAGAAATG 
1383 1VGCA1TGflVntGflCCr2GCAACCAGFI"T1TnGTI'GCC1Y2ACACTTTG1tGTTC1VTCACTACTAGAATG 
1460 TTAATAATAACCGAGGGGMCACT 2'ACAG 
1489 CA TCT CCA TAC CCC AAC AAC TAC GCA GCA ATC GAG TAT TCA CAT TCC AAC 
C C p y P N N I G A I B I S H S N 
1539 An CAT CTC TCG ATC CGA GCA GAC ATO AAA CCA CCC AGC ACA TCT GCA AAC 
I H L W I G C 0 H K P P S '2 S A N 
1590 GAG 
B 
1593 0 TATGCTAACC2TAGATTTCATD2AACGTrTAGTAACAAACTTAAACGTAGACTCGATAAGTrTCGCMATGTAA 
1668 AAATACATTAAAAAGATATGAAGAGCTArTAATAr2TTCTTTCTG2'TTPJSACnACMrrTATAATAGMCAPIACG 
1745 CGCAAG4A7'CTAGCACCACACTATTTC1TTCCAG 
1779 CCA ATC flC TTC ATG CAT CAC TCC rI'T GTC GAC TAC CTC TCC GAA CTC TCG 
P I F F N H H S F V 0 Y L W B L W 
1830 CGC CAA CrC GAG CAA CCA AGA TCG CTC CCC GAG CAA CCC TAC TCT CCT CAT 
14 0 I. Q Q P 14 W L 14 B Q A Y S A 0 
1881 CAC CCA ACA itT CCC AAC TGG CAA CAC fTC ACC TAC CCC CCC ATC AGA CCT 
H P P C A N W Q H F S Y A P H 14 P 
1932 TIC CCA TAC fTC GTC AAC AGA GAC CCC CTC TCT AAC TCT TAC ACC CAT GAG 
F P Y L V N 14 0 C L S N S Y T D Q 
1983 ATO TAT CCT TAC CCC CCA CGT CCC ACA TCC TCT CAT CAG AGA CCA AAC TCC 
H Y 14 Y A P 14 A T C S H Q 14 P N C 
2034 CCA TCC CCC TAC fTC fTC TCC CAT ACC CGT GGA TAT CCA CAT TGT GTC TCG 
G 5 P 1 L F C 0 T 14 C I P H C V S 
2085 AAG ATC CCC fTC AAT CGA AAT '2CC AGA CGA TTC GAA CAG AAC GAC GCT TGC 
K I 14 L N C N C 14 C F B Q N D A C 
2136 TAC GCT TCA ACA TCC TCG TCG CCA ACA TCT CTA AAT GCT 
I A S 14 C W W G 14 C V N A 
2175 02' GAG T1T1TCTTTAGCTCMCCTCTCCTAACATCTCAACGTTCAG 
2221 AAT fTC CCC CCT CCC ATG AAC CCA CCC CGT ACA CAC GCT AAC '2CC ACC TTA 
N F A A 14 H K C A 14 T H A N S P L 
2272 ATC GAC fTC GAA Cr2 CCC AAG CAA GTC TCC Cit AAT CGA ACC MA CTC GAG 
I 0 L B L A K B V S V N C P K V B 
2323 CCT GTC CCC CTA GTC MA ACA ATC TCC ATC AAG ATC ACT GCT CCA flA 'ITT 
14 V P L V K 14 I S I K H T A P L F 
2374 GTC GAC 'ICC TAC AAC CCA ATC CCC '2CC TCC CAT TCA TCC CCC AAC AAT CCC 
V D C I N 14 H P C C I) $ W A K N C 
2425 CCC TGT CAA CCC GAA CCA CAA rrC ATC ACT GAG TAT TCC CAC CCC TCG 'ICr 
CC Q 14 E P B F H S 0 Y C 0 AS C 
2476 AAC ACC TCC ACA CCA TCC TAC AAC ACA ACT CAT CCT PCT ATC CAT CGA CAT 
N T C T P S I N T T 0 A C H 0 14 H 
2527 GTG AAC TOT CrC CCC TCC AAG GCC CAC MA ATG TGC ACC CCA AAG TCG UCA 
V N C V A W K A 0 K H C S C K S A 
45 
2578 GAC Tfl ATG TCA GAG ANT TGT AGA AGC AGC TGC GGA AAG TGC TCT flA ACG 
F N S E N C R S S C G K C S L T 
2629 AGA GAA TCG CAA TGC flC ANT PJAT GGA AAG 
S Q C F N N G K 
2659 GTAAGTATAGTAACATTGCCGCCACATATCATAPJ AAATAAACTTCAG 
2706 ATC Alt GTA Alt CCA Gfl TCC CAA AAC Cr CGT GAA TCA Alt TCG GAT TCT 
I I V I P V S Q N L R E S I 5 0 5 
2757 'FTA ATG TCA GAG GTC ACA AAT CGC Alt AAG AAG GTC AAA AAG GTA GCG GCC 
L N S E V T N R I K K V K K V A A 
2808 AAG GAA G1A GTC GAA TCT ACC AAA AAA Grr CGC CAT AAT TAG 




Figure 3.2 DNA sequence of tyr-2. Splice-sites are in bold, the Al trans-splice site is 
also underlined. Introns are in italics. The polyadenylation signal is underlined. The 
promoter region (see chapter 9) is included in the figure. 
IM 
-139 oTToTGrrAnrrGnAMAcATcrrooTTAAAAACQGPCGAGATAGAAAGTGTACTGT TCCAGTGTOACGA 
-67 OAATCAAOAAAAflGCAAGAGPAPAAGAGAACAATTTACAAAAAnGGATTGGAAAATAThACAAAA 
1 ATG ATC CGG TAT Afl Afl CTG CPA GTA TAT TVP CPA APT ITT GAA GPA AAC 
H I R Y I I 1. L V Y F L I F E V N 
52 TOT CAG flA GAO TGO TCA AAA GOT COA AAA GOP CCA ACT CCT GCT Afl CGA 
S Q L D C S K A P K A P T P A I R 
103 ATA ATG TGT AAT GAG Afl CM AGA TGG CAA AGA TOG GAP CAA AAA GCA AGG 
I N C N Q I Q R W Q R W D Q K A R 
154 GTAAGTGGTrTAAGGA1TACADrADFTGAAGAAATGTACTGAAATTATTCDTAAACrITTGATGCATAATCTTAAA 
230 GTTCAG 
236 GCA ACT COA PCA flA TOO GGT GAO GTG AAA ACA CCT GGA Afl GOT GGT GAO 
A T P S L $ G Li V K T P G I A G Li 
287 GAO GPG AAA ACA COP GGA An GOT GOT MA GOA APG GOT GOT GM TTT TOT 
D V K T P G I A G K A H A A E F S 
338 GM fiT TOT CCA An GCA AGP AAT GTG fiT CM TGT ATG GAT ATO GOT TGT 
E F S P I A S N V F Q C H Li I A C 
389 ATC GOT TGT Cfl TGT GTA ITT no AGA G 




581 GA ACC GOT GGA AAT AAP TGC GTG Gn CAA GOT OGT CCA Cfl GGA AAA GTC 
G T G G N N C V V Q G R P L G K V 
631 TGO GTG Gfl CAA GOT CGT OCA Cfl GGA AM GPO GPA AGA AAA GAA TAC CGT 
C V V Q G H P L G K V V H K E Y H 
682 GAA TAC CGT ATG CTT TCT GAT GAP GAA CGA CAA CGA OTT OAT CM GCA TTC 
E Y H H L S D Li H H Q H L H Q A F 
733 CAA GCA no CGA ACT CTG MA CAG MT GGA GAA PAC GAP CGA CTG GCA AGA 
Q A F H T L K Q N G H Y D H L A H 
784 CTG GCA AGA Gfl CAT GOT CAA TAT TOT GM AGT GGA GOT GOT CAT TCT GGA 
LA H V H A Q Y S H S G A A H S G 
835 CAT TCT GGA OCA GCA no OTT COG TGG OAT AGA GM ITT GTA AAA AGA ATG 
H S G P A F L P W H H H F V K H H 
886 AAA AGA ATG GAG flO CTG An CGA CAG 
K H N E F L I H Q 
913 GCTTGTTATCTCTCGTA2'TAAAA1WGAAMATAAATA7TGTTTAG 
959 Gfl GAO COA TCA on CAT Ofl CCA TAT TGG GAP TOA PCA nA GAP CAA AAT 
V D P 5 L H L P Y W Li S S L Li Q N 
1010 On CCA GAP TOA AAA GAT TCA ATC fl 
L P Li S K D S I L 
1036 G Tfl TTArTArTTCAA7FTACAAArrTGATrTCAMA TTCAG 
1078 A TGG ACG AAT GM fiT ATG GGA GAT COO PAP GGA GM Gfl MC GGA GAP 
W T N E F H G Li A N G H V N G D 
1127 GOC GGA GAP GCC AAT GGA GAA Gfl AAC PAP GGA CCA flC AGA AGO TGG MA 
A G Li A N G H V N N G P F H S W K 
1178 ACT TGG AAA ACT GTA GAG 
T W K P V H 
1196 GTAAGGAAACACTFrATTTCAA2TC'FrATAATrT2'TATAG 
1236 AAO MA CCA GOA ATC ACA AGA GCA GTC GGG GOT GAG GGA AM GGA PAT TCA 
N K P A I P H A V G A Q G K G Y $ 
1287 GAG GAP GM ATO MC ACA ATG CPA GGA CM ACA GAT An GOT CM Gfl On 
H D H I N T H L G Q P Li I A Q V L 
1338 GOT fiC TOT GOP CCA GAG AGO 







1742 TTC~TIGT~AAGTCTCCTAAAAT7U4AATT TA TAG 
1783 GGT TCT CCT TAT CAA CCA MC 'rrr AAC GTC CCT CM TAC ACT CAT GGA MT 
C C P Y Q P N F N V P E Y T H C N 
1834 CCT CAT ATA TAT OTT GGA GCT CAT ATG TTA GAG ACA TCA ACA GCT GCA MT 
P H I Y V C C D N L E T S T A A N 
1885 CAT CCA ATA TIC TGC ATC CAT CAT TCT T1'T CTT CAT CTT Cfl TCC GM ATC 
D P I F W M H H S F V D L L W E N 
1936 TAT AGA CIA TCA AM CAC 
Y R Q S K Q 
1954 GTAAAGTCATCAACATTAGCAATCA1TTATrTATTGATTTTAAG 
1998 ACA ACA CCA ACA CCI GAA ACA CCC TAT CCA GCT CAT MT CCI CM TCC ACT 
T R A T R E T A Y P A D N R Q C S 
2049 ACT GAG CAT CAT TVT AGA GCA GCT 'FTC ATG CCC CCA i. ACA CCI ATC AOl 
S H H H F R A A F N R P F T P MR 
2100 MT GCA GAT GCA CTC ACT MT ATG TAC ACT CAT MT TIA TAT TCT TAT CCT 
N A D C 1. S N N Y P D N L Y S Y A 
2151 CCA AGA CCC PCI TCT MT CCI GCA CCT ACA TCT CCA TCA CC 
P R P S C N A G P T C G S P 
2192 0 TATGTT'F1"TCAAAAATTTGA CCCMAACTA TCTGGTGA CCI 7. TA TA CAAATCGGTA TTATTA TAG 
2258 A TAT CTA TIC TCT CAC AM TCA CAC GCA GCT CCT CGT TGT CCI GTE CCA 
Y L F C D K S H C A P R C A V R 
2307 ATC MG CCT GAG GGA MC TGC GCT ACT TIE MG AlT GCA GM GAP GCA TGC 
N K P H C N C A S F K N C H D A C 
2358 TAT CAA GGA ACT TGC CM ACT CCI AM TGT GTT CCI CCI TCA CM MT GTT 
Y Q C S C Q S C K C V A C S Q N V 
2409 ACT CCA CCA CCA ACA ATE CM CCC ACA MG CCA GTC GTE ACA GTE GAG 
P p p T I Q P T K P V V T V 
2457 0 TATT2'AGTGAAACATGCTTAAAGATTAGA1VGJSAATTTI'TTCAG 
2502 ACA TCT TCT 'FIT MT CM MT GAl TCT TGT GOT CCA TGG TCA CCI AAA CCI 
T S C F N H N H C C C P W S A K C 
2553 GM PCI' CM AM MT CCA GTE TAT ATG MT GTT TCG TOT AM CCA TCT TOT 
H C Q K N P V Y N N V W C K A S C 
2604 AGC CIA TCC ACA CCA MT TAT MT ATE MT CM C 
R Q C T P N Y N I N H 





2985 AG TCT TCT OAT CGT CAC ACC MC TCC GCA ATG TCC TCT CCC TCT CCC CM 
H C S D R H T N C A N W S R S C H 
3035 TCT MC MA MT CCC CT? TGC ATG TCA CAl MT TCT CCI ACC TCT TCT CM 
C N K N P L W N $ H N C R S S C Q 
3086 AAA TGC CCC CCI TCA AOl CCA CCI ACA TCT GCA GCA GOT COT CGA CCT GAT 
K C C R S R A A T C C C G C C A D 
3137 ACT ATA AGC MT C 
S I S N 
3150 GTAAGCC.ATPTACTFrGCTIGAAATATAATGTTAATCTGGAAGGAATTTCAG 
EM 
3202 CA ACA ACG MG CCG CCT GCA ACA AAT AAT CGA CAA GAG AAC ACT CCI' TGT 
P T I' M P P A T N N C Q Q N T P C 
3253 CAT TCA CCC ATG TGC TAC AAT GAG CAT CAA TGT TOT CCT An TGG GCA CAA 
D S P M C Y N E t Q C C P I W A Q 
3304 CCC GCA CAC TGT AGO 
R G Q C H 
3319 GTGAGAAATI'AATCTTACTTTTTACTGCTTCDACCATTCCATAACATCACATTTCATGACGTAACDTCTACC.AGA 
3394 ACA7TGAAA2TT2'CAG 
3410 TCG AAT CCI' GOT TAC ATO ACA TGC CAA TGC AAA Cit AGC TGT OCA GTG TCT 
S N P C Y M 1' C Q C K V S C C V C 
3461 CGA CCA AM' TAT CiT TAT GGA C 
H P N Y V Y C 
3483 GTGAGTAACGCTCAAA1'TGJ&CTn'CCAGTCATAATA7rAAAATT2'TTCAG 
3533 CA TGT GCA CAT TAT CAC TAT CAT TCT CCC GCA TGC GCG AGA ACA GCA GAA 
P C A D Y H y D C A A W A H H C E 
3583 TGT CIA MA AAT AAA TGG ATG CCT GAA AAC TOT AGA CCI' TCG TGT AAC ACT 
C L K N K SQ N P E N C H H S C N T 
3634 TOC CiT AM' CA 
C V N Q 







4182 TCGTAAT!rrTGCTGrTG2TCA33fiAGTGTTGO TGT AGLAJJICACTADTGTGTAAAAGTGCAAAAGTI3CAACJ& 
4259 GGAGCCrTTGTGMCYrTGATCCAGASGfiJAGAGTCCATACATTraCTArcT 
4336 TAATACATTtTTTTAG 
4351 A GAG GAG CTG GCT GCC ACA ToT GCG ACA AGA ATA Gfl CGA A'X GCA IT!' 
0 0 t A A H C A T H I V H S A F 
4394 flG GAA TTG AlT CCC ATC AAG TCA 
L E L I H N K * 
4418 	 CACTTrAAAACATATAAACATTTCACATC 
+polyA 
Figure 3.3 DNA sequence of tyr-3. The C at -139 is base pair 15435 of cosmid 
F21C3. Splice-sites are in bold; the SLI trans-splice site as well as the unusual splice 
site are also underlined. Introns are in italics. 
Est 
-27 CArl? T TCAGGTflCTACGCCflGAACC 
1 ATG AGG 71T  flG ATA CCC ATA ATC rn' ACA ACA TTA CCA flA TGT flA CAA 
N H F L I P I I F T T L P L C L Q 
52 GCA CAA CAA GAT CCA TCT GCA AGT GCT CCA TCA GAA GCA GCA AAA Afl ATG 
A Q B D P C A S A P S B A A K I M 
103 TGC AAG CAG An CAC AGA TGC GAT CAT GGA GCA AGG 
C 1< Q I H H W D D C A H 







619 CCC GCA TCA AAG AAA AAG AAA Afi GCA TTA CCA CCA GGA Alt GCA AAG GGA 
A A S K K K K I A L P P C MA K C 
670 ATO GCA CCT GAG Tfl GCT CCA Afl GOT TCA AAT ATC TAC CAG TGC ATG CAT 
N A A B F A P I A S N I Y Q C M D 
721 TTA CCC TGC fiG TGT TCT TAT fiG AGA C 
L P C I. C S Y L H 
749 0 TAAAACTGGJ4AAAZTAGAAAATGAAGAAATOCTI'TAAAAATA GOTOTA TTAC3AAA TO TA TTTAAACGAAAACCGG 
825 71GCPAAGTCTATTAGAAGCTAGCG2TCCCGGGAATACACTACATATATCGA2TTATAG 
883 GA ACT CCC ItT GGA AAC GGT ItT ACT CTT CCA AAT GGA AGG CCA CTT CAA 
C T A S C N C C P L P N C H P L Q 
933 AAA TCA GTG AGA AAA GAG TAC CGT ACT CTC ACA CAT CAT CPA CGA AAT AGA 
K S V H K H Y H P L T D D H H N H 
984 CTT CAC GCA GCA flC CCT CCT CTC AAA AAT 
L H A A F H A L K N 
1014 GTTAG2TC4AAC1TrAAAACTCTAAG?TCTACATTCAATTGCAG 
1058 AAT GGT GAA TAC GAA ACA Afi CGA AGA An' CAC TCA CAA ATC TCT GeT CCC 
N C H Y H H I G R I H S Q N S A A 
1109 GGA GCA GeT CAT TCT CCA CCA GCA rlt Cfl COG TGG CAT CC'T CAA ITT GTC 
C G A H S C P A F L P W H H H F V 
1160 AAA CCT CTC GAG ITT GCT CTA CCC CAA Gfl CAT CCA ACG GTT AAT Cfl CCA 
K R V H F A L H Q V D P T V N L P 
1211 TAT TGG CAT TCT ACG fiG CAT ACT AGA CTG CCA CGT CCT GCA CAT ACT An 
Y W D S T L D S H L P H P A D T I 
1262 ATG flC AG 
N F S 
1270 0 TAGGT71 TAAATCATTAATAGAArTTOTA TAM FTAAAGAPSAATTAJSCGCA mA TACTCACTFITCTAT 
1341 T1'TTAG 
1347 T GAC TAT CTT ATG GCA ACT ACC GGA Cr2 Cr2 AAT CAT CGA CCC TIC ACA 
D Y L N C S P C L V N 0 C P F T 
1396 AM' TCC CGA ACT fiG GCT GGA ACA CCC CAA ATA CTC AGA CCC GTC GGA CCA 
N W H P L A C H A Q I L H A V C A 
1447 CAA GSA GCT CCA Cfl TCA CAA AAT CAT AT CAT Tfl GTA ATC AGA GAG ACA 
Q C A P L S Q N 0 I 0 F V N H Q T 
1498 CPA A?T CAT CAA CPA 'PTA TCG TIP ACT CCA CCA CPA CPA GSA TGC CCA TAT 
Q I 0 Q V L S F T A P Q Q C C P Y 
1549 AGA ACT CAT fiG PAT TCT CTT GAA TAT ACT CAT GSA PAT Cr2 CAC A'PT ITT 
H T 0 F N C L B Y P H C N V H I F 
1600 Gfl GSA GGA CAT Alt TIC GAC ACT CCA ACT TCT TCA AAT CAT CCT TCA TTT 
V C C 0 N F 0 T A T S S N 0 P S F 
1651 fiG C7T CAT CAT CCA ITT Afi CAT ITT GTA TGC CAA GAA TGG ACA fiG GCA 
F L H H A F I D F V W H B W H L A 
1702 ACA CAA TCA AGA GeT CAT CCC GAA Afl GCA flC CCT CCT CAT PAT CAA TEA 
H Q $ H A D H H I A F P P D N Q L 
1753 TGT GeT PC? GCA CPA CAT ITT GSA a TCT CCA Alt GAG CCC TIC ACT CCA 
Ell 
C A S A Q H F 0 A S P N Q P F S P 
1804 ATO AG 
H S 
1809 GTAAAGAAACTGTGAATTGATTACA000AAATGTAATTA1WTTCAG 
1855 A AAT ATC GAT OCT flA TCC AAT AAA TAT ACA OAT AAC flO TAT ACT TAT 
N I D 0 L S N K Y T D N L Y S Y 
1904 OCA CCA COO CCA ACA TOT CAA OCT OGA CCC OAT TOC GOT TCT AA 




2163 A TTC CTT flC TOT GAC ACT TCC ACC 000 0CC CCC CGT TOT OTA TCT COT 
F L F C D T S T 0 A A 1k C V S H 
2212 An COT CCA OGA TCT CAA TOT GOT CAA flC COT GTG AAT CCA TOT TTC TCA 
I H P G S Q C 0 Q F H V N P C F S 
2263 OGA ATC TOG CAA AAC GOT OTA TGT OTT CTC TCA TCA ACA OCT CCA COT CCA 
0 I C Q N C V C V L S S T A P H P 
2314 ACA CCT OCT CCA ACA ACT CCA ACA CCP CAA AAT CCA OTA CAA TCT CAA GAA 
T P A P P T P T P Q N P V Q S Q E 
2365 TCA TOT TTC AAT GAG AAT CAG TOT TOT OCA TCA TOG OCA OCA TCP 000 OAA 
$ C F N B N 0 C C A S W A A S 0 E 
2416 TOT TCG AGO AAT ACG OCT TAT ATO AAT GAA TOO TOT AAG CCC AGT TOT GOT 
C S H N T A Y H N S W C K A S C 0 
2467 OTT TOT AAA CCC AAA TAT CGA CTG OCT OAT 0 
V C K P K Y H L A D 
2498 GTGAGrGTATTnrTAn'TTAGGArFFrFrAATTAAAAAATArFTAAATTACCACMGGGTTTTrTCGGmAAAT 
2571 TCn?1"TAMPAGrTTGCTAnGTAADGGCAAnTCAGMJSATTAAAGGTACAT0000r!ATTTGMA0001VCC 
2652 ACC000AAAAAGTITATGGTATCTDTATTAGATTTTTCCGGCGCCGTTCATG?r -TAGAAAGATPJJSATTGAAAAATA 
2727 TAAACTCTCACATAATGAACAAATACTOACCAJWAATAATAAAAGTTCCTCCAAGCCCCATAPJJJkCCAfiJA 
2804 TAAACCCATGCACCTCTAAGDTCGTCTATCGAAAAACTGCAAAATTACGATAATDZTCCAG 
2865 AT TOC ACT OAT COT CAT ACC CAA TOG ACT AGC TOG TCC CCC TCC GOT GAA 
D C T D H H T Q C S S W S H S C S 
2915 TOC ACC AAA AAT CAA CTC TOG A'rG ACT GAA AAT TOC COT AAA ACT TOT AAT 
C T K N Q L W H T E N C H K S C N 
2966 AAA TOT GOT AGA TCA COT OCT CAA GAO TOT GOA OGA GOT GOT ACT ACA OTA 
K C G 1k S H A Q S C 0 0 C 0 T T V 
3017 ACC ACG ACG ACA CCT OCT CCA OCT CAA GAG TOT OAT AAT TCT OAT COT TOT 
P T T T P A P A Q Q C D N S D 0 C 
3068 flC AAT GAO AAT OTT TOC TOT OCT OTA TOO OOA TM ATO OGA OAA TOC CGA 
F N E N V C C A V W 0 L H 0 B C H 
3119 AAA PT ACA AGA TAT ATO OCA TOT AAT TOT CGA OTT TCA TOT OGJ& CAT 
K N T 1k Y H A C N C H V S C 0 H 
3170 TGC TAT CCT GAA OAT TAC AAT TAT GOA T 
C Y P 5 D Y N Y 0 
3198 GTAAGCnTA1flflAAAAAAATATrFFTATAA7TAAaAAATATATATTTCAG 
3251 CA TOG GTC GAC TAC CAT AOA TCA TOT CCC GOA TOG OCT COT OTC OCT CPA 
S C V 1) 1 H 1k S C A G W A H V 0 5 
3301 TOT CAO AAA AAT CCA TOO ATO OCT GAO AAT TOT AGA TCA AGC TOT AAC AGT 
C Q K N P W N A S N C 1k S S C N S 
3352 TOC TAT ACT CAA TCA GAO CIT COT AGA ATG TOT OGA ACT ACA OCT OGA TCA 
C I T Q S B L 1k H M C 0 T P A G S 
3403 Gfl OCT CCA On OCA CAA OTT COT GAG ACT AAT CCA TCT COT CPA CCA CCA 
V A P V A 0 V H Q T N P S H Q P P 
3454 COT OOA COT TOO OOA COT GAC OAT TIC OGA OAT AM' GOA OOA TOO GOT GOA 
H 0 0 W 0 H D 0 F 0 D N 0 0 W 0 0 
3505 AAT OGA OCT COT OOA TOO GOA AAC AAT OAT CCA TOO OGA GOA TCA AGA TOO 
N G 0 0 0 W C N N 0 P W (3 0 5 1k W 
3556 GOT GOT GGA AGA GOT GGA TOG GOT GGA GOT GGA TOG GGA WC GOT Ga TOG 
G 0 0 R 0 0 Vi 0 0 0 0 Vi 0 0 0 0 W 
3607 GOT MA CGA TCC Afl CGA GCA 0CC MT Ga TCA Afl TOA ATG Ca TOT flT 
G 1< R S I R A A N A S I S N P S F 
3658 OAT CCG GAC CTC TTO ThA 
D P B L L * 
2676 rITFPGTTACCTTflCTCAAflTATCCGAflATTffCGTGTATAATAAATAflTGCCTCAAAC'ltAAGAArrC 
3753 AflTTI+polyA 
Figure 3.4 DNA sequence of tyr-4. The G at -27 is base pair 28275 of cosmid 
C34G6. Splice-sites are in bold; the SLI trans-splice site is also underlined. Introns 
are in italics. The polyarienylation signal is underlined. 
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* 3.5 Intron positions 
A schematic representation of the gene structures of the four C. elegans tyrosinases is 
shown in Figure 3.5. Intron positions are indicated above the genes. The division of 
the tyrosinases into two pairs is supported by the position and phase of the introns. 
Only 1 conserved intron shared by all four genes is found.This intron separates the N-
termini of the genes from the CuA-sites. Curiously the intron is shifted by one 
basepair in both tyr-3 and yr-4. A conserved intron between the CuA- and CuB-site in 
tyr-1 and tyr-2 is also shifted by one basepair in tyr-3. This intron is not present in tyr-
4. tyr-3 and tyr-4 share several more conserved introns, indicating that these genes 
have arisen from a gene-duplication event. Upstream of the N-terminal intron that 
cleaves off the N-terminus another conserved intron is present in tyr-3 and yr-4. Other 
conserved introns are located downstream of the CuB-site and before the second (also 
found in tyr-1) and fourth SXC domain (SXC = six cysteine motif, see chapter 4). 
53 
ItA 	 CUB 	 SXC 
1H: 
Figure 3.5 Gene structures of C. elegans tyrosinases. Intron phases are indicated above 
= CuA site M = CuB site 0 = glulamine rich 	 = SXC domains 
4. Discussion 
In this chapter the gene structures of the four C. elegans tyrosinases are described. The 
tyrosinases can be grouped in two pairs, which is also supported by the intron phases 
and positions. All four genes were shown to be trans-spliced to the spliced leader 
sequence SL1 by RT-PCR. No transcripts with the SL2 spliced leader sequence could 
be detected. A polyadenylation signal was found in the 3' UTR of all four genes 
except in tvr-3. 
tvr-3 appeared to posses three unusual features. C. elegans introns tend to be 
short (more than 50% of the introns have a length of SObp) (Blumenthal and 
Steward, 1996), but a 706 basepair intron was found at the 3' end of tvr-3. In some 
C. elegans genes the intronic space is filled by another gene encoded on the opposite 
strand. This however has not been predicted to be the case for the large intron by the 
GENEFINDER program. Secondly, virtually all C. elegans 5' splice-sites begin with 
the dinucleotide GT. The 5' splice site of intron 3 starts with the infrequently used 
dinucleotide GC (Blumenthal and Steward, 1996).The usage of two different trans-
splice sites (not resulting in changes in coding potential) is also uncommon. This may 
have a regulatory function, though no appreciable differences in transcript quantities 
were found (data not shown). The transcripts were isolated by RT-PCR on mixed 
stage RNA prepared from mixed stage him-8 mutant animals, followed by a nested 
PCR, due to low transcription levels. The fact that mixed stage RNA has been used, in 
combination with a nested PCR, may explain why possible differences in transcript 
levels have not been detected. A discussion of the positions of the introns is included 
in Chapter 4. 
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Tyrosinase proteins 
1. Introduction 
In this chapter the protein domains of C. elegans tyrosinases will be described and 
compared to the structure of related proteins, haemocyanins. 
Like haemocyanins, tyrosinases are multidomain proteins. In figure 4.1 a 
model of the structure of L. polyphernus haemocyanin is shown. The N-terminal wing 
(Figure 4. 1B) is mainly a-helical, with one 3-strand. The copper-binding site is 
contained within the central domain (Figure 4.1C). Each copper is liganded by three 
histidine side chains, provided by a pair of helices. The C-terminal domain (Figure 
4.11)) has a seven-stranded Greek key n-barrel topology, from which long loops 
extend (Hazes et al., 1993). The putative calcium ion is believed to stabilize the 
hemocyanin structure and to decrease oxygen affinity. Like the calcium ion, the 
putative chloride ion is suggested to reduce oxygen affinity (Hazes et al., 1993). The 
N- and C-terminal domains form wings flanking the central copper-binding domain. 
The N- and C-terminal wings are believed to have a function in the stabilization of 
substrate binding (Beltrami et al., 1990). 
Vertebrate TRP-1 and TRP-2 are membrane-bound proteins with a structure 
similar to tyrosinase. These proteins are involved in vertebrate melanin synthesis (see 
Chapter 1) and like tyrosinases localize to the melanosomes in melanocytes. Like 
tyrosinases, both TRP-1 and TRP-2 posses a CuA and CuB site, however it has been 
suggested that TRP-2 binds zinc-atoms at its active sites instead of Cu2+  (Solano et 
al., 1996). The Cu-active sites of TRP-1 and TRP-2 have similarity with the copper-
binding sites of streptomyces tyrosinases and are seperated by a cysteine rich region 
(Jackson et al., 1994; Budd and Jackson, 1995). 
_n4 - 
Figure 4.1 Schematic diagram of the Limulus I! subunit and its domains. A: the whole 
unit. B: Domain 1, the N-terminal wing. C: Domain 2, the copper binding domain. D: 
Domain 3, the C-terminal wing. All diagrams show the same view. The Cu-ions, 
Cl-ion and Ca-ion are indicated with arrows. From Hazes et al., 1993. 
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Methods 
For cloning and sequencing methods see appendices 1-14. A list of cosmids and 
cDNAs is given in appendix 31. 
Results 
The predicted tyrosinases are structurally very similar. All four tyrosinases have a 
putative signal peptide at their N-terminus, followed by a pit Cu-domain and the CuA-
and CuB-site. The signal peptides were predicted using the SignalP program (Nielsen 
et al., 1997). TYR-1 is predicted to be cleaved between residue 22 and 23, TYR-2 is 
predicted to be cleaved between residue 25 and 26 and both TYR-3 and TYR-4 are 
predicted to be cleaved between residue 18 and 19. Two nematode six-cysteine motifs 
(SXC, found in several other proteins from the nematodes C. elegans, Toxocara canis 
and Brugia inalayi, Gerrits and Blaxter, submitted) are located at the C-termini of (yr-i 
and tyr-2, four of these motifs are found at the C-termini of tyr-3 and tyr-4. The SXC 
motifs in (yr-I and tyr-2 are followed by a short amphipathic a-helix, which like the 
SXC motifs, is possibly involved in protein-protein interactions. A similar function is 
postulated for the glutamine-rich region (polyQ) that is exclusive to/yr-I. An 
alignment of the predicted tyrosinase proteins with the domains mentioned is given in 
figure 4.2. 
The predicted tyrosinases show high amino acid identity (figure 4.3). The 
amino acid identities are well spread over the genes, as is apparent from the protein 
alignment. However, highest identity is found in the central conserved enzymatic core 
region (figure 4.4). 
signal peptide 	 N-terminal wing 
Tin-i ?IGRLRAFLL ESGTLAVXST yEA 	 . DENCSQ 
7Yfl-2 MRWTPILTT LLLLCVVLIS VAGVKSTTKK GAVGGTAVRJc TTVKKVAVKN KNIQRMNQKR WREPPRDCSD 
flfl-3 	NIRYIILLV YFLIEEVNS . .......... .......... .......... .......... ..QIJO. .CSK 
7YR-4 MBFLIPIIF TTLPIJCLQA . .......... ..... . ... . .... ..................QED.PCAS 
N-terminal wing 
Tin-i APD$MVQTC HMLQEWDSAA RKAIRIcRQAP NAGAPGVQGF SPSNPPRFAP SAQG ...... CMNIACICPY 
TYR-2 A? .KHLKQTC LMItRRMDLAT RRRIJARQSVR QTRPNQVPNW LQPIPVPANA RGQAAYEPYD CNTLLCLCPF 
flfl-3 APTPAIRXMC NQIQRWDQKA RKTPSLSGD. .VKTPGIAG .....KANAAE FSPIMNVFQ CMDIACLCVF 
TYR-4 A?SEAAXIMC KQIHflWDDGA RKASKKZEI. .ALPPGMA .. .... KGMAAE FAPIASNIYQ CNDLPCLCSY 
- - 
Inz 
N-terminal wing 	 Cu.4-site 
TYR-i MtRMnqG . C ItPWGQflLM AYRflfl**tS DNERQRWHNA LTQLKRSGEY DRLSVNHRQV GSASGARSGP 
TYR'-2 EtRNVNGQC VLSNGVVLNN SWRKEYRNMT ERRRWHNA LNTLKRNGEY DRLSRQHLEV GVGSQAHSG? 
nR-3 E±T.GGNNC VV. QGR?LGK VVRUYRNLS DDERQRLUQA FRTLKQNGEY DRL7BVHAQY SESGAAMSGP 
nR-4 L±TASGNGC TtPNGRPLQK SVRXEYRTLT DDERNRLRAA EflILK144GEY ERIGRIHSQM SAAGGARSGP -enzymatic core domain 
nfl-i GFLVW}IREYII XRI4E IPiLRMI DPGISNPYWD SVLESYL?D? RDSIMPG?QF MGMTDASGQL VSG?FAGFRT 
TyR-2 GFL?WHREYL KRVEIPILRNV D?TVFIPYWD SVMDSYL?DP RDSIMPSDLF VGGTDYYGNV VTGPFAYWRT 
nfl-a AFLPWHREFV XREEFLIRv DPSLHLPYwD SSLDQNLI'DS KDSIIIWTNBE MG. . DANGEV NNGPERSWKT 
nR-4 AFLPWHREFV KflVEFILflQV DPTVNLI'YWD STLDSRLPRP ADTflW'Sbfl MG.. . STGLV NDG?FTNWRT 
jnnmacor4gnit _______________ 
Cu-B site 
nfl-i LEGR?WIIRR MATEGKMFTE QNINNLMAQN DLVSVMAFTA PQaPFR?Y FGPILEYTHAS IMLWMGGDMK 
nR-2 IEGRSTILRN LGAEGQLFNE NQVNTIVAQN TIENTLAYTA PQrIGCPYPNN YGATEYSESM IHLWIGGD( 
TYR-3 V*JKPAITRA VGAQGKGYSE DEINT}GGQT DIAQVLAFSA PQ43CPYQPN FNVPEYTHGN ?HIYVGGDML 
nR-4 LAGRAQILRA VGAQGAPLSQ NDIDFVZIRQT QIDQVLSFTA PQQGCPYRTD FNCLEYTSGN VHIFVGGDMF  -enzymatic core domain 
C-terminal wing 
nfl-i PPSTSANDPV FFLHHTFVDF IWENWRQNHQ NRFARENDYP ?DIAACPIRSQ HFSYAQMRL'W P. KINRCbLS 
TYR-2 ?PSTSAItI FFMHHSFVDY LWELWRQLQQ PRWLREQAYS ADHPTCMqWQ EFSYAPMRPF ?YLVNRDGLS 
nfl- 3 ETSTWDPI FWMHHSFVDL LWEMYRQSKQJ TRATRETAYP ADNRQCSSEE HFRAMMRPF TPMRNADGLS 
TYR-4 DTATSSNDPS YFLEHAFIP? VWEEWRLARQ SRADREIP,FP PDNQLCASAQ HFGASPMQPF SPMTÔTIDGLS 
C-terminal wing 
TYR- i NAYTDNLYHY APR?TCNRNN ANCGSQYLFC PT. RGNPRCV AXVKPGGLCR GEE - GLDSCY MGTCVAGWCR 
TYR-2 NSYTDQMYRY APRATCSBQR PNCGS?YLFC PT. RGYPRCV sic IRLNGNCR GEE. QN]DACY ASRCWWGRCV 
nR-3 NMYTDNLYSY APRI'SCN.AG PTCGSE*ILFC PKSMGAPRCA VR1il(PEGNCA SFXNGEDACY QGSCQSGXCV 
nfl-4 NXYTONLYSY APRPTCQ . AG GDCGSKLFC DTSTGAARCV SRIRPGSQCG QER. . VNPCF SGICQNGVCV 
poly-Q region 
Tin-i GG ... QQPQQ SQTTAVATV QQPQQQPQQQ QPQQQ ..... .... RPAPTP QS$ ... CYNE DPCCNQWSRQ 
Tfl2 NANPAARJIXG ARTHANSTLI DLELAKEVSV NGTRVERVPL VKRISTEMTh PLEVO . CYNR MPCCDSWAKN 
nfl-a AGS. .QNVTP PPTIQ ..... .......... .......... ..... picpv VTVdTSCFNE NECCGPWSAIc 
nR-4 LSSTAPRPTP APTTP ..... .......... .......... .... T?QNPV QSQES . CFNE NQCCASWAAS 
SXCI 	 SXC2 
nfl-i NECRTNTVYM NRYCRKSCGL CQSNDNNRJG CHOREISCAY WRGQNPCT.R RRQWMAENCQ AICGWCNMNE 
TYR-2 GGCQREPEFM SQYCQASCNT CTPSYNTTDA CMDREVNCVA WIcADKMCSGK SADEMSENCR SSCGKCSLTR 
TYR-3 GECQKNPVYM NVWCKASCRQ CTPNYNINS CSDRJiTNCAM WSRSGECN.K NPLWMSENCR SSCQKCGRSR 
nfl-4 GECSRNTAYM NEWCKASCGV CKPKYRLAth CTDRHTQCSS WSRSGECT • K NQLWMTENCR KSCNKCGRSR 
nn-i AQLCASVPIRQ SRRVRRNAKE WLTEPDADDF VDD . FMLDYG R 	 SXC3 
Ttfl-2 ESQCFNNGKIE IVIPVSQNLR ESISDSLMSE VTN.RIKKVK KVAAKEEVES TKKVRHN* 
nR.3 AATCGGCGGA DSISNIPTMPP ATNNGQQNTP CD. SPMCYNE DQCCPIWAQR GQC?NPGYM TCQCKVSCGV 
TYR-4 AQBCGGGGTT VTTTTPAPA . ..... QQ... CDNSDGCFNE NVCCAVWGLM GECRXUTRYM ACNCRVSCGH 
sXC4 
TYR-3 CR? .NYVYdP CADYHYDCAA WARRGECLKN KWNPENCRRS CNTCVNQQQL AARCA?RIVR SAflaELIR}ilc" 
TYR-4 CYPEDYNY%5 CVDYHRSCAG WARVGECQKN PWNASNCRSS CNSCYTQSEL RRNCGTTAGS VAPVAQVRQT 
nfl- 4 NPSRQ?PRGG WGRDDEGDNG GWGGNGGGGW GNND?WGGSR WGGGRGGWGG GGWGGGGWGK RSIRAANAS I 
TYR-4 SMPSFDPOLL* 
Figure 4.2 Alignment of the C. elegans tyrosinases. The domains are indicated above 
the amino acid sequences. Conserved histidine residues in the Cult- and CuB-site are 
in blue, conserved cysteine residues in the SXC motifs are in different shades of 
purple. Intron positions are indicated by vertical bars. 
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42.4 - - 
38.0 37.4 - 
32.9 37.7 52.0 
Figure 4.3 Tyrosinase amino acid identity. Values are given as percentages. 




62.4 - - 
48.9 50.0 - 
50.0 52.2 56.0 
Figure 4.4 Amino acid identity in the enzymatic core region. Values are in percentages. 
4. Discussion 
* 4.1 tyrosinase proteins 
In this chapter the protein domains of the C. elegans tyrosinases have been described. 
All four tyrosinases carry a putative signal peptide at their N-terminus, and are 
therefore likely to perform their function extra-cellularly, as is expected from enzymes 
involved in cross-linking of cuticular proteins. The tyrosinase proteins are likely to be 
structurally similar to haemocyanins, with centrally located enzymatic active sites (CuA 
and CuB) flanked by a N- and C-terminal wing. The SXC domains and 
polyglutamine-rich region in the C-terminus of the predicted proteins are suggested to 
be involved in protein-protein interactions. 
* 4.2 polyglutamine domain 
Only tyr-] contains a polyglutamine region, which could be involved in protein-protein 
interactions. Pathology in Huntington's disease (HD) and other neurodegenerative 
disorders is believed to be caused by polyglutamine expansions which could lead to a 
gain of function of the mutated proteins, possibly through enhanced protein-protein 
interactions. Interestingly, the age of onset of Huntington's disease is inversely 
correlated to the length of the polyglutamine expansion. Recently a protein (huntingtin-
associated protein HAP-1) was identified that binds to huntingtin, the mutated protein 
in HID. HAP-i appears to be enriched in the brain, providing a possible explanation for 
the selective brain pathology in HD (Li et al., 1995; Trottier et al., 1995). In a study by 
Stott et al. (1995) it was shown that the introduction of a glutamine repeat into the 
inhibitory loop of truncated chymotrypsin inhibitor 2, leads to the formation of stable 
oligomers of the recombinant protein. More recently in vitro studies with apopain 
provided evidence that cleavage of huntingtin increases with the length of the 
polyglutamine tract (Goldberg et al., 1996). Apopain is a human homologue of CED-
3, an enzyme which is absolutely required for programmed cell death in C. elegans. 
The increased polyglutamine tract may be the cause of increased cleavage through 
enhanced binding of apoptotic (cysteine) proteases. This may be implicated in 
inappropriate apoptosis and HD pathology. 
Glutamine repeats are also implicated in transcriptional activation. In vitro 
studies showed that glutamine stretches fused to the DNA binding domain of the yeast 
GALA factor can activate transcription, with activity increasing with glutamine 
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polymer length (Gerber et al., 1994). Increased activity presumably results from 
increased protein-protein interactions. 
* 4.3 SXC motifs 
Other possible protein-protein interaction domains are the six-cysteine motifs (SXC) 
found at the C-terminal ends of all four tyrosinases. These cysteine motifs were first 
identified in surface associated proteins of Toxocara canis (Gems et al., 1995; Gems 
and Maizels, 1996) but are also found in other genes of C. elegans and Brugia malayi 
(Gerrits and Blaxter, submitted). Amongst the C. elegans proteins containing SXC 
motifs are mucins and zinc proteases, the latter of which may have cuticle-associated 
functions. An alignment of nematode SXC motifs is given in figure 4.5. 
The surface coat of T. canis is largely comprised of a complex of 120 Wa 
mucin-like glycoproteins. One of its components is TES-120 which carries two SXC 
repeats at its C-terminus. It has been postulated that this protein is linked to the 
nematode surface via the N-terminal SXC domains of TES-32 which is localized to the 
epicuticle and might serve as an anchor protein for TES- 120 (Gems and Maizels, 
19%). 
Though SXC motifs were first identified in nematodes, related motifs have 
been identified in toxins isolated from the sea anemone Anemonia sulcata. Sea 
anemones use the toxins to paralyze their prey. Kalicludins and kaliseptines are 
potassium channel blockers and may be responsible for the paralyzing effect of the 
toxins. Kalicludines are 58-60 amino acids long and are homologous to dendrotoxins 
from snake venom and Kunitz inhibitors which function as trypsin inhibitors. These 
proteins contain six conserved cysteines with no resemblance to the SXC motif. In 
contrast, kaliseptines show striking similarity to the nematode SXC motifs. The SXC 
domains in all these proteins may play a role in substrate binding. Perhaps C. elegans 
tyrosinases acquired the SXC motif during evolution, resulting in hybrid proteins 
combining substrate binding motifs with the tyrosinases enzymatic domain. 
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sxc consensus CD C 	C 	 C 	SCGC 
tyr 	sxc consensus Cn d ii cC 	w 	g C 	n 	Ym enckr BC 	C 
genenante identification 
Caenorhabditis elegans tyrosinases 
Ce-tyt-- 1.-1 tyrosinase CYNE ...... DPCCNQWSRQNEC . RTNTV. . YMNRYCRXS CGLC 
Ce-tyr-1-2 CHDR ...... HISCAYWRGQNFC . TRRRQ. .WNAENCQAT CGWC 
Ce-tyr-2-1 tyrosinase CYNR ...... NPC DSWAIQcGGC . QREPE. . FMSQYCQPaS CNTC 
Ce- tyr-2-2 CR ...... HVNCVAWKADKMC • SGKSAD . FNSENCRSS C GKC 
Ce-tyr-3-1 tyrosinase CFNE ...... NEItGPWSAXGEC .QKNPV. .YNNVWCKASCRQC 
Ce- tyr-3-2 C SDR ...... HTNCAMWSRSGEC . NXNPL. • WNSENCRSS CQKC 
Ce- tyr-3-3 CYNE ...... DQCC PIWAQRGQC .RSNPG. . YNTCQCKVS CGVC 
Ce- tyr-3-4 CADY ...... HYDCAAWRGEC . LIQK. • .WMPENCRRS CNTC 
Ce- tyr-4-1 tyrosinase CENE...... NQCCASWAASGEC . SRNTA. . YMNEWCKPJS CGVC 
Ce- tyr-4-2 CTDR ...... HTQC SSWSRSGEC . TQL. .WMTENCRJ<S CNKC 
Ce- tyr-4-3 CFNE ...... NVCCAVWGLMGEC .RRNTR. . YNACNCRVS C GHC 
Ce-tyr--4-4 CVDY ...... HRSCAGWARVGEC . QKNP. . . WMAENCRSS CNSC 
Other Caenorhabditis elegans genes 
T04'39.2-1 Zn protease CPNL ......RGDCDDLAxQGWC.IRNPG..WANCPISCGMC 
T04G9.2-2 CEDL ...... RVDCLVLVSQRYC .KISQN. . FMKSYCAXSCGFC 
T04G9.2-3 CSDR ...... XHFCSHWKSAGFC .EGIFMN. YMKKNCPAS Colt 
F09EB.6-1 Zn protease CEDL ...... NAHCGMWEQLGHC.QHSVK. .YMI4BYCRRACNLC 
FO 9E8.6-2 CEDK ...... NLFC SYWAKIiEC .NSESK. . FMKIFCKAS CGKC 
F56R9. 1-1 mucin CIDL ...... LSDC • .KHRXEYC .SVPEYTELMFKFCKNTCDLC 
F56119. 1-2 CTDK ...... YNIC • .EFSKPLC .E.SKYKAD1CPKTCGVC 
F41G3 • a-i mucin CVDLTNPRTGTSDC • .ARLI4SYC .TNSVYLSLNRQQCPRtCGYC 
F4 1G3 . a-2 CVDLTNPRTGTSDC . . PRIASYC . TNSVYIPLMRTQCPRTCOFC 
F41G3 .b-i mucin CVDLTNPSNGVSDC . .PKMASYC .TNSVY]ITLt4KTQCPKTCGYC 
F4 13. b-2 CVDLTMASTGVSDC. . TRZIASYC . TNSIYLTLMKQQCPKTCGYC 
P41G3. c-i inucin CVDLTNPSTGVSDC. . PGfrthSYC .NSAYLTLNKQQCPKTCGYC 
F4 1G3 . c-2 C IDLTNASTGVSDC . . PGMASYC . TNSAYLTLMKQQCPKT COYC 
P4 1G3 • c-3 CADLVNSSIGVSNC. . ASMASYC . TNSVYLSLMKTQC Pfl COYC 
P4 iG3 . d- 1 mucin CVDLTNPSTGTSDC. • TPMASYC . FNSFYLTLMRQQC PRT COYC 
F41G3 .d-2 CVDLTNPTI'GVSDC. .ThNASYC .NNSAYITLMRQQCPRTCGYC 
P4 1G3 . d-3 CAD LVNPNTGTSDC . . TAZ4RSYC .NNSAYATLMRQQC PRT COYC 
F15A4. 1-1 (all sxc) CADKTNA.NGVNEC. . PGLRSYC .NNSQYKTLMTQQCAXTCGFC 
F15A4 .1-2 CADLVNPSTGRSEC • .AANRSRC .NDSVYRDMMKTQCPKTCGYC 
ZK643.6-1 (all sxc) CNNP..QPDflLNC..TALAc3EC.NSALFSELMIcEICCPATCGKC 
ZK643. 6-2 CSDK.... SICPDIC. .VNLICTLC .NSVEFYDRLSEQCPST CNRC 
ZK643 .6-3 CTDL ...... ANDC . .SYNQNRC . SVKEYSSLMHRLCPKTCNAC 
ZK643 .6-4 CEDA ...... NIcMCPIWVPRGFC . SKFDHD. KVQKSCAKS CNIC 
Brugia malayI (parasitic filarial nematode) genes 
RRAMCA209-1 unknown (EST) CYDI ...... GTSC .... NKRIC .TKFPQ. .FARNSCAXTCGFC 
BRAMCA2 09-2 CYDK ......DSDC . . . . SNEIC . QNYPY. . TAXERC PKFC GLC 
Toxocara cania (parasitic ascaridid nematode) genes 
Tc-muc-1- 1 mucin C IDT ...... ANDC. . QIFIVLC . FVQPYSRAIQGRCRRT CNIC 
Tc-muc-1-2 CQDS ...... flqDC. .AZqFVSVC .LNPTYQPVIRSRCPLTCGFC 
Tc-muc-2-1 mucin CVDS ...... ASDC. .QQHTSLC .FMQPYSRSMRSRCQRT CNIC 
To-rnuc-2-2 CRDD ...... ANDC . .ARLVTFC .GNPMYQPVLRTRCTLTCGFC 
Tc-muc-2-3 C SDA ...... AI4IJC . . QRYAG1C . FTQPYSRAIQGRCRRT CNIC 
Tc-muc-2-4 CHDS ...... ANNC . .GSLISYC .TJDPTLQSVLRSKCPLSCGFC 
Tc-peb-1- 1 PE-binding CND S ...... ASDC . . AANAGSC . ?1'RPVSQVLQNRCQRT CNTC 
Tc-peb-1-2 protein CRDE ...... NqNC . .AASINLC . QNPTFEPLVRDRCQKTCGLC 
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Figure 4.5 The figure shows an alignment of a selection of sxc-containing proteins 
from three nematode species. The number of sxc motif-containing proteins in C. 
elegans (currently over thirty different genes with over seventy copies of the motif; M. 
Blaxter, unpublished) continues to grow as the C. elegans genome project reaches 
completion. For each gene, the name or cosmid number is given, with a brief 
description of its putative function. Within the sxc domains two subfamilies can be 
discerned based on the number of residues between cysteines 1 and 2, and 2 and 3. 
The conserved cysteines are highlighted in bold along with the few other conserved 
residues found in the motifs. A majority rule consensus for the whole dataset and for 
the TYR proteins is given at the top of the figure. 
* 4.4 Evolution of C. elegans tyrosinases 
Tyrosinases in C. elegans are likely to have arisen through gene duplication events. A 
model is depicted in Figure 4.6. Firstly, the original gene acquired a SXC motif which 
got duplicated. Subsequently a gene-duplication event gave rise to two genes, in one of 
which the two SXC motifs duplicated. Gene duplication of both the gene with two 
SXC motifs and the gene with four SXC motifs created syr-1, tyr-2, tyr-3 and !yr-4. 
The model is supported by the fact that the tyrosinases can be divided into two groups 
based on similarites between the genes (Figure 4.3 and 4.4), the position of introns 
(Figure 3.5) and the location on 2 chromosomes (tyr-] and tyr-2 map to Chromosome 
III, tyr-3 and iyr-4 localize to Chromosome I, see Chapter 2). Similarities between the 
SXC motifs (see figure 4.7) are also in agreement with the model. The duplication of 
the SXC motif in the original gene is likely to have preceeded the gene duplication 
event, as the first SXC motifs (TYR-1 SXC1 and TYR-2 SXC1) as well as the second 
SXC motifs (TYR-1 SXC2 and TYR-2 SXC2) are more similar to each other than are 
the SXC1 and SXC2 motifs of each gene. Before the last gene duplication the 
combined SXC motifs duplicated, evidenced by higher similarities between the first 
and third as well as the second and fourth SXC domains compared to similarities 
between the first and second as well as the third and fourth SXC motif of both tyr-3 
and tyr-4. Interestingly, a conserved intron is found between SXC1 and SXC2 in tyr-
1, tyr-3 and tyr-4, this intron appears to be lost in tyr-2 (see Figure 4.2). Notably, a 
conserved intron is also present between SXC3 and SXC4 in both tyr-3 and tyr-4. 

































TYR-1 TYR-1 TYR-2 TYR-2 TYR-3 TYR-3 TYR-3 TYR-3 TYR-4 TYR-4 TYR-.4 TYR-4 
SYCi SXC2 SXC1 SXC2 SXC1 S3CC2 SXfl SXC4 SXC1 SXC2 SXC3 SXC4 
32.4 - - - - - - - - - - - 
41.2 35.3 - - - - - - - - - - 
31.4 40.0 35.3 - - - - - - - 
52.9 26.5 44.1 28.6 - - - - - - - - 
26.5 44.1 38.2 54.3 44.1 - - - - - - - 
52.9 26.5 44.1 28.6 50.0 35.3 - - - - - 
38.2 41.2 38.2 47.9 38.2 58.8 38.2 - - - - - 
52.9 38.2 47.1 40.0 67.6 44.1 58.8 44.1 1 	 - - - - 
44.1 38.2 38.2 45.8 41.2 76.5 35.3 61.8 44.1  
55.9 32.4 35.3 37.1 55.9 47.1 $5.9 47.1 61.8 44.1 - 
38.2 47.1 41.2 47.9 44.1 64.7 38.2 72.7 44.1 61.8  
Figure 4.7 Amino acid identities between the C. elegans SXC motifs. Values are 
presented as percentages. 
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* 4.5 Intron evolution and tyrosinases 
Ever since their discovery, introns have been the subject of a heated debate about their 
origin. The exon theory of genes assumes that modem genes evolved from genes that 
were assembled from the "original genes" (ur-genes), that encoded short (15-20 aa) 
polypeptides. Introns functioned to glue these exons together and were essential for the 
generation of new genes by exon shuffling. Introns are supposed to be lost by 
prokaryotes, due to evolutionary pressure on the size of their genomes, but are retained 
in eukaryotes. Differences in intron positions in the eukaryotic genes are attributed to 
intron loss and the movement of introns (Gilbert and Glynias, 1993). In contrast the 
"introns-late" hypothesis advocates that nuclear introns arose after the divergence of 
prokaryotes and eukaryotes. It has been proposed that spliceosomal introns (nuclear 
introns spliced by RNA-containing snRNPs) evolved from group II (mitochondrial) 
introns, which can be self-splicing (Cavalier-Smith, 1991). Several group II introns 
encode for reverse transcriptase-like proteins, enabling the intron to insert into genes 
by retroposition (see figure 4.8). 
The conserved position of introns has been used as an argument for the exon 
theory. In a study by Long et al. (1995a, 1995b) the intron phases in a large number of 
genes were studied. Findings of an excess of phase 0 introns and the fact that exon 
sizes did not appear to be random (which would be expected if introns inserted 
randomly) were used as evidence to support the exon theory. Symmetric exons 
(flanked by introns in the same phase) do favour exon shuffling, as this helps to avoid 
frameshifts in the coding regions. However, exon shuffling agrees with the insertional 
theory as well and the correlation in intron phases (the association together within 
genes of introns of the same phase) does not necessarily proof that introns are ancient, 
since intron insertion may not be random at all. The intron-exon structure of chicken 
triosephophate isomerase (TPI) with exons corresponding to structural elements was 
also considered to support the exon theory (Straus and Gilbert, 1985; Gilbert et al., 
1986; Gilbert and Glynias, 1993). However, recently several more introns in novel 
positions (not corresponding to protein structure) have been found in newly sequenced 
TPIs, which instead seems to support the insertional theory of introns (Kwiatowski et 
al., 1995; Logsdon et al., 1995). Moreover the correspondence between exons and 
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Figure 4.8 Hypothetical nechanisrnfrr intron insertion. Adapted from (Rogers, 
1989) 
So do the gene structures and intron phases of the C.elegans tyrosinases 
support any of these hypotheses? Of course no major conclusions can be drawn from 
this comparison, since only C.elegans tyrosinases are considered, and no comparison 
to tyrosinases from other organisms are made. The positions of introns (see Chapter 3) 
seem to correspond with functional domains of the proteins, which could be in 
agreement with exon shuffling. Only two introns are found in conserved positions, 
which could mean that the introns in these genes did indeed insert. The conserved 
intron postions could represent "hot sites" for insertion The conserved intron that 
forms a boundary between the CuA- and CuB-site seems to be lost in tyr-4. 
Interestingly, the conserved N-terminal intron and the conserved intron separating the 
Cu-sites are in a different phase in tyr-3 and in yr-4. Perhaps Iyr-3 and tyr-4 
contracted the intron-phase shifts during exon shuffling. The presence of an excess of 
phase 0 and 2 introns (17 and 8 out of 30 respectively) does also support the of exon-
shuffling theory (Figure 3.5). However, slightly more asymmetric than symmetric 
exons are present in the tyrosinases. This in contrast would be in agreement with the 
intron-insertion theory, but as mentioned previously, exon-shuffling and intron-
insertion may well not be mutually exclusive mechanisms. 
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Tyrosinase gene expression patterns 
1. Introduction 
Numerous methods have been described for the quantitation of mRNA levels (Kohler 
et al., 1995). Only a few these are mentioned here, as they are all variations on two 
fundamentally different methods: direct methods that make use of Northern Blot 
techniques, and indirect methods that involve amplification of transcript(s) by PCR. 
PCR based methods can be divided into semi-quantitative and quantitative assays. In 
semi-quantitative PCR a housekeeping gene is used to calculate relative ratios that 
allow for comparison between samples. In contrast, quantitative PCR makes use of 
known amounts of control fragment to establish steady-state transcript levels. Each of 
the methods can be combined with either radioactive or non-radioactive detection 
techniques. Quantitation methods that combine both the semi-quantitative and 
quantitative approach have been employed in several studies (de Kant et al., 1994; 
Dostal et al., 1994). 
* 1.1 Direct methods 
A commonly used technique is Northern Blotting. RNA is separated by gel 
electrophoresis followed by detection through hybridization with gene-specific 
radioactive labeled probes. For semi-quantitative evaluation of the gene-transcript, 
simultaneous hybridization with a probe specific for a housekeeping gene is 
performed. Disadvantage of this method is that it is not very sensitive and much RNA 
is needed. 
The same technique can be used in a Dot-blot assay. A series of dilutions of, 
for example, a plasmid containing the gene of interest, together with equivalent 
amounts of RNA samples are spotted onto a filter and hybridized with labeled gene-
specific probe. The steady-state levels of gene-transcripts are determined by 
extrapolation from the standard curve produced from the dilution series. This 
quantitative method bears the same disadvantages as the Northern Blot procedure 
described before. Moreover a control for RNA loading and degradation is lacking and 
many steps are involved, each adding a little variation to the procedure. 
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* 1.2 Indirect methods 
In semi-quantitative PCR transcript levels are measured relative to the abundance of a 
co-amplified constitutively expressed transcript. The reliability of semi-quantitative 
PCR depends on similar amplification efficiencies for both targets and optimization of 
the PCRs is essential. The efficiency of a PCR reaction depends on: the concentration 
of reaction components; PCR reannealing during later cycles; secondary structure, 
length as well as G-C content (this affects the melting point) of the target; the 
occurrence of side products and the length of the fragment (see below). 
As semi-quantitative PCR provides a means to make comparisons between 
samples, the PCR is performed at the exponential phase of the reaction. Initially the 
amount of product accumulates according to the formula: 
N = No * (1+ 
where: N = the number of amplified molecules; N o = the initial number of molecules; 
n = the number of amplification cycles and E = the amplification efficiency. 
After a number of cycles, attenuation in the rate of accumulation of PCR product 
occurs. This so called plateau phase is caused by several factors (Sardelli, 1993): 
- a reaction component becomes limiting 
- product accumulation to a concentration at which their reassociation competes with 
primer annealing and extension 
- thermal inactivation of the Taq polymerase 
- reduced denaturation efficiency during later cycles. 
Housekeeping genes are often abundant and when low steady state levels are 
concerned, moderation of the amplification of the control gene in favor of the rare 
transcript may be required. This can be achieved by addition of the control gene 
primers at a later stage of the PCR (Wong et al., 1994). However, this method is not 
very precise and can be very inconvenient if many samples are handled at a time. A 
simple reduction in the amount of housekeeping gene primers will often be sufficient. 
In semi-quantitative PCR comparison between samples is allowed, as 
expression levels are related to a constitutively expressed housekeeping gene. When 
differences in expression levels over various developmental stages are studied, relative 
expression levels are often sufficient. The use of an endogenous gene as an internal 
control also provides a positive control for both the RNA extraction and the production 
of cDNA in the reverse transcription step. Those procedures appear to vary 
considerably. The only problem with semi-quantitative PCR is the fact that the 
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supposedly constitutively expressed gene may vary in expression levels for example 
during cellular growth. 
Frequently used quantitative PCR method is competitive PCR in which a series 
dilutions of usually synthetic competitor fragments are added to the reaction mixture 
(Wang et al., 1989; Gilliland et al., 1990). The quantity of target inRNA is inferred 
from the point at which the molar ratio of the generated PCR products is one. A major 
advantage of this method is that it does not need to be performed at the linear phase of 
the reaction, but that it can also be done at the plateau phase. This can be very useful 
for the assesment of non-abundant transcripts. A disadvantage is that multiple PCR 
reactions per sample have to be performed, which is problematic when many samples 
are dealt with or when material is limited. A range of control fragments can be used, 
some of which will be mentioned here. 
In some studies, plasmid containing the gDNA fragment corresponding to the 
cDNA under study is used as competitor material. Identification of the PCR products 
is based on the lengths of the fragments. With this control differences in amplification 
of both genes may exist, caused by the increased size of the gDNA fragment and the 
concomitant increased duplex melting temperature. 
With the help of composite primers, the cDNA primer binding sites can be 
added onto a heterologous DNA fragment. Identification of the fragments is again 
based on size, as a control with a slightly different size than the cDNA fragment can be 
constructed. Only one pair of primers has to be used with this type of competitor, 
moreover the formation of heteroduplexes with the target is impossible (Siebert and 
Kellogg, 1991). 
In the PCR aided transcript titration assay (PATTY) mutated standard RNA is 
synthesized which carries an unique restriction site. This control is already added 
during reverse transcription and provides a control for variation in cDNA synthesis. 
Overestimation of the wildtype cDNA may result from the association of mutant cDNA 
with wildtype cDNA, protecting the heteroduplex from digestion with restriction 
enzyme (Becker and Hahlbrock, 1989; Wang and Mark, 1990). 
Synthetic controls can be created by nested PCR. Competition for primers is 
avoided with this type of control as different primer pairs are used for the target and 
the control. 
73 
* 1.3 Fluorescent semi-quantitative PCR 
In this study a semi-quantitative approach has been chosen, using ama-I, encoding for 
the large subunit of RNA polymerase II, as internal control. This method is very 
sensitive and convenient to use: starting from cDNA the procedure can be completed in 
one day. The method is presented schematically in Figure 5.1. 
Firstly, RNA was extracted from samples of worms, taken at two-hourly 
intervals from a population of synchronously cultured nematodes (Johnstone & Barry, 
1996). cDNA was synthesized from the RNA by reverse transcription and diluted for 
use in the subsequent PCR. fluorescent nucleotides were added to the PCR reaction 
mixture and the PCR products were run on an ABI automated sequencer (see Figure 
5.2). Data collected by the AM automated sequencer were further analyzed with the 
help of Genescan software. Relative ratios were calculated as described below. 
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I worms I 
I RNA extraction I 
eDNA synthesis 
PCR amplification 
gel electrophoresis on ABI automated sequencer I 
analysis of data with the help of Genescan software 
I calculation of relative ratios I 
Figure 5.1 Semi-quantitative PCR method 
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Figure 5.2 Example of a gelfile showing data collected by an AB! automated 
sequencer. The red bands indicate the size markers, PCR products are in yellow. The 
top white arrow points at the ama-i cDNA fragment, the lower arrow indicates the 
tyr-2 cDNA fragment. In the left panel the electropherogram corresponding to lane 9 
(with a red triangle at the top) is shown. The peaks correspond to the signals of the 
cDNA fragments. Peak areas were calculated with the help of Genescan software and 
used to calculate the relative ratios. 
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* 1.4 RNA polymerase II 
ama-I encodes the large subunit of RNA polymerase II (Bird and Riddle, 1989). 
Eukaryotic organisms posses three RNA polymerases with distinct functions. RNA 
polymerase I synthesizes rRNA precursors, RNA polymerase II functions in the 
transcription of pre-mRNA and RNA polymerase III transcribes 55 rRNA and tRNA 
genes. The central role of RNA polymerase II in gene expression suggests that it is a 
constitutively expressed gene. Indeed ama-I protein levels remain roughly constant 
during larval development (Dailey et al., 1993). 
Yeast RNA polymerase II is composed of 11 subunits (RPB 1-11), encoded 
by single copy genes. The three largest subunits (RPB 1-3) are primarily responsible 
for RNA catalysis, RPB-4 and RPB-7 may have a role in transcription initiation, RPB-
5, -6, and -8 are shared with RNA polymerases I and III and no function is known for 
the remaining subunits RPB 9-11. The large subunit (RPB- 1) of RNA polymerase II, 
but not RNA polymerase I and III, contains a carboxy terminal repeat domain (CTD) 
with the sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser. This motif is also present in 42-fold 
in the C. elegans large subunit (Bird & Riddle, 1989). CTD is an essential component 
of the enzyme, and though parts of the domain can be deleted, CTD is required for cell 
viability. The domain appears to function in normal responses to activation signals at 
some promoters (Young, 1991). 
2. Methods 
Semi-quantitative PCR was performed on a set of cDNAs (Johnstone and Barry, '96) 
representing the entire post embryonic lifecycle of C. elegans. cDNA was prepared 
from total RNA isolated from synchronized populations of nematodes from Li (0 hr) 
and every 2 hr to adulthood (42 hr). The animals were monitored under a dissection 
microscope, and were observed to moult at 12, 18, 24 and 32 hours after feeding 
(Johnstone and Barry, 1996). Quantitation was achieved by comparison to co-
amplification of ama-1 transcripts. a,na-1 encodes the large subunit of RNA 
polymerase II (Bird and Riddle, '89) and is believed to be expressed constitutively 
through the lifecycle (Johnstone and Barry, '96). Each primer pair was chosen to have 
comparable annealing temperature and to cross an intron, in order to be able to 
distinguish cDNA and genomic DNA products. 
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Measurement of amplification levels 
For each tyrosinase gene / ama-I pair, conditions where amplification of both 
eDNA products were still in the linear phase were determined empirically. This 
appeared to be the case at 25 cycles for all genes and each PCR was therefore 
perfomed under the following conditions: 
95 ° 4:00, 1 cycle; 94° 0:30/550  0:30/72° 1:00, 25 cycles; 72° 10:00, 25° 20:00, 1 
cycle. 
A PCR Master Mix (MM) was set up, containing lx reaction buffer, 2 mM 
MgCl, dNTPs at a concentration of 1 mM, 5 U/mI of Taq polymerase (Promega) 
and[F]dUTP5 [RI 10] (Perkin Elmer) at a ratio of dTTP:[F]dUTP = 125: 1. Gene 
specific primers were added to the MM at 300 ng per i00 pi MM each. The final 
reaction volume was 10 p1, including 1 p1 of cDNA. 
Reactions were run on an ABI 377 sequenator and quantitated using Genescan 
software (Perkin Elmer). 
The following primers were used: 
tyr-1: tyr 23 & tyr 29B 
lyr-2: tyr 24 & tyr22 
tyr-3: tyr 30 & tyr 31; tyr 36 & tyr 37 
tyr-4: tyr 47 & tyr48 (see appendix 32) 
3. Results 
As tyrosinases are hypothesized to be involved in cross-linking of the cuticle, steady-
state mRNA levels are expected to be upregulated at the moults. 
To begin with, several controls were performed to confirm the validity of the 
fluorescent semi-quantitative PCR. Initial tests were done with tyr-2: the maximum 
number of cycles at which the PCR was still in the exponential phase was determined, 
different concentrations of fluorescent nucleotides were added to the reaction mixture 
and a series of dilutions of target was tested. These results are summarized in table 
5.1. From the ratios in the top part of table 2 is apparent that the PCR was still in the 
linear phase at 25 cycles. The other two controls were therefore performed at 25 
cycles. The ratio of tyr-2 over ama-i was not affected by the concentration of 
fluorescent nucleotides in the reaction mixture (see second part of table 2). Even if the 
amount of target was doubled, the PCR was still in the log linear phase at 25 cycles. 
Dilution of the target did not result in gross fluctuations in the ratio of tyr-2 over ama-i 
(see lower part of table 2). 
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To compare the results from this method with previous semi-quantitative 
analysis relative ratios were determined for the collagen gene dpy-7, and compared to 
those obtained by Johnstone and Barry (1996). They used the semi-quantitative PCR 
technique followed by Southern hybridization. Identical primers were used, and the 
PCR was performed at 26 cycles. The results are shown in Figure 5.3. Very similar 
expression patterns are obtained with both methods. Very low expression from 30 
hours after feeding are only detected by Johnstone and Barry. 
Results obtained for tyr-1, iyr-2 and syr4 are shown in Figure 5.4-6. The 
results for those tyrosinases and dpy-7 are combined in Figure 5.7. tyr-I, tyr-2 and 
tyr-4 were found to be upregulated at all moults. Expression peaks were tight, lasting 
for 2 - 4 hours, and little expression was found in the intermoult periods. Regulation 
of tyr-2 appeared to be most strict, tyr-2 transcripts were detected at the moults only, 
in samples corresponding to a 2-hour period. (yr-I is suggested to be expressed 
slightly later than tyr-2, since it is also expressed (at lower levels than at the moult) in 
the 2 hour- interval after the moult. tyr-4 is expressed at lower levels than (yr-i and 
tyr-2, and is detectable at a later stage even than (yr-1. Low levels of expression of tyr-
1 and tyr-4 were found before the Li moult and after the IA moult. Summarized, tyr-2 
is suggested to be expressed first, followed by (yr-i and finally tyr4. The expression 
peaks are most fight at the first moult, and become more diffuse at the later moults. 
This is most likely due to increasing asynchrony in the population over time. When 
compared to dpy-7, the expression of the tyrosinases appears to be as tightly regulated 
as the expression of the cuticle collagen gene. 
tyr-3 transcripts could not be detected in this set of cDNAs using two different 
sets of primers. However, transcipts were readily detectable in cDNA prepared from 
mixed stage population of the him-8 strain CB 1489. This mutant generates 37% 
males due to non-disjunction events during meiosis, whereas the wildtype (N2) strain 
comprises -, 100% hermaphrodites (Hodgkin et al., 1979). This might indicate that 
(yr-3 is transcribed in a male-specific manner. 
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iyr-2 ana-1 tyr-21ama-i 
24cycles 212442 90844 2.34 
25cycles 287579 119954 2.4 
26cycles 463986 265213 1.75 
IUTP:dTTP 
1:500 138589 66172 2.09 
1:250 185632 88930 2.09 
1:125 382837 185077 2.07 
cONA 
2 ul 198210 80882 2.45 
1 ul 97968 37390 2.62 
0.5 ul 25232 10018 2.52 
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Figure 5.3 Expression of dpy-7 over the post-embryonic hfecycle. On the x-axis hours 
post-feed are indicated, the y-axis shows the ratio of the dpy-7 signal over ama-I. 
Bars with horizontal stripes represent results taken from Johnstone and Barry (1996), 
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Figure 5.4 Expression of tvr-J over the post-embryonic lifecycle. On the x-axis hours 
post-feed are indicated, the y-axis shows the ratio of the tyr-] over ama-i .Two 
independent PCRs were performed, represented by solid and horizontaly hatched bars. 
Arrows indicate the moults. 







Figure 5,5 Expression of tyr-2 over the post-embryonic 1{fecycle. On the x-axis hours 
post-feed are indicated, the y-axis shows the ratio of the tvr-2  over ama-i. Two 
independent PCRs were performed, represented by solid and horizontaly hatched bars. 
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Figure 5.6 Expression of tvr-4 over the post-embryonic lifecycle. On the x-axis hours 
post-feed are indicated, the y-axis shows the ratio of the tyr-4 over ama-i .Two 
independent PCRs were performed, represented by solid and horizontaly hatched bars. 
Arrows indicate the moults. 
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Figure 5.7 Expression patterns of tvr-1 (in red), tvr-2  (in green), tyr-4 (in blue) and 
dpy-7 (in yellow). Hours post-feed are indicated on the x-axis, the y-axis shows the 










The timing of expression of the tyrosinase genes during the lifecycle was expected to 
provide strong clues towards their function. In order to obtain this information, semi-
quantitative PCR was performed on a set of cDNAs (representing the entire lifecycle) 
prepared from samples taken at 2-hourly intervals from a population of synchronously 
cultured nematodes. 
The semi-quantative PCR technique used in this study was shown to be 
robust. Control PCRs performed for tyr-2 showed that similar ratios of tyr-2 over 
ama-I could be obtained using different amounts of fluorescent nucleotides and target 
cDNA (see table 5.1). Moreover independent PCRs performed to examine the 
expression of lyr-2 over the lifecycle appeared to yield very similar results (see Figure 
5.5). Finally the ratios of dpy-7 over ama-I determined by fluorescent semi-
quantitative PCR were shown to be similar to the ones quoted in the study by 
Johnstone and Barry (1996), who used semi-quantitative PCR combined with 
Southern blotting and radioactive labelling techniques to asses the expression of dpy-7 
over the lifecycle. This technique (though proven reliable) is probably less precise than 
fluorescent semi-quantitative PCR, because it involves many more steps (Southern 
blotting and radioactive labelling). The low expression of dpy-7 detected at 2,4 and 
32-40 hours post-hatch by I. Johnstone was not found with fluorescent semi-
quantitative PCR. Probably these low ratios are due to background labeling of the 
Southern blot membranes (I. Johnstone pers. com .). 
Semi-quantitative PCR results for tyr-1, tyr-2 and iyr4 showed that these 
genes are upregulated during all the larval moults suggesting their implication in cuticle 
cross-linking. Especially for tyr-2 tight peaks of expression are found (timepoints 
were taken at 2-hourly intervals), indicating that tyrosinase expression is strictly 
controlled (Figure 5.5). The last peaks of expression appear to be wider than the 
previous ones, which is probably caused by the fact that asynchrony in the nematode 
population increases over time. The study by Johnstone includes an assessment of the 
synchrony in the nematode population. A second time-course was generated (spanning 
Li to Li/L2 moult) and this time samples were taken every 15 minutes. The 
percentage of animals observed in lethargus appeared to peak at 45%, implying 
significant asynchrony in the culture. Moreover, the time from the first observation of 
an animal in lethargus till the lethargus peak appeared to correspond to the build up in 
gene transcripts detected for each gene, which could mean that the gene induction in 
indivi4qal animals is even much quicker than two hours (Johnstone and Barry, 1996). 
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Collagen gene families are expressed in oscillating patterns, with peaks shifted 
relative to each other. This temporal regulation is believed to promote proper assembly 
of triple helical molecules, as collagens belonging to a subfamily could potentially 
form functional trimers (Johnstone and Barry, 1996). The tyrosinases follow the 
expression pattern of the collagen col-12, which peaks at the moults. The collagens are 
secreted at the moults, and the presence of tyrosinases at the same time suggests that 
these enzymes are indeed involved in the formation of the cuticular matrix. 
The tyrosinases are expressed slightly after each other, starting with tyr-2, 
followed by tyr-] and finally tyr-4. This may indicate that the tyrosinases perform a 
distinct function in cuticle formation. The low levels of expression of tyr-i and tyr-4 
alter the L4 moult for example, is suggestive of a role for these genes in adult growth 
and possibly also cross-linking of egg-shell proteins. The meaning of the low 
expression of £yr-i and tyr4 before the first larval moult is unclear. However, the fact 
that mRNA transcripts are present does not mean that translation is occuring at the 
same moment. 
The timing of expression of tyr-3 remains a mystery. tyr-3 transcripts were not 
detectable in this set of eDNAs, even at 35 cycles with decreased amounts of 
ama-i-specific primers. However the 3' end of tyr-3 was isolated by nested PCR from 
him-8 mutants that are enriched for males. This may suggest that tyr-3 is involved in 
cross-linking of male-specific structures. Interestingly, no tyr-3 transcripts could be 
detected in RNA prepared from a population of adult males. The males were derived 
from a temperature sensitive strain (CB5104), that generates 100 % XX males at 25 
degrees Q. Hodgkin, pers. corn.). Furthermore, the embryonic stages have not been 
considered in this study, and perhaps tyr-3 is expressed exclusively in embryos. 
Another explanation for the failure to detect expression of tyr-3 may be that it is 
expressed at very low levels and perhaps even in a very narrow time window. The fact 
that a nested PCR was needed to amplify the 3'-end of tyr-3 suggests that this may be 
the case. 
Though it is reasonable to assume that RNA polymerase II is expressed 
constitutively, no hard data are available to support this hypothesis. Therefore it would 
be interesting to reasses the tyrosinase expression patterns with other (presumed) 
constitutively expressed control genes. Commonly used control genes are actin and 
-tubulin. Both actin and f%-tubulin are abundant structural proteins, involved in 
intracellular transport and maintenance of the cellular structure. Actin helices are build 
from monomers, tubulin microtubuli are hollow tubes, composed of tubulin 
monomers that are composed of an a- and n-unit (Pollard and Cooper, 1986; 
Sullivan, 1988). Another potential control gene is Dynein. Dynein is a multisubunit, 
cytoplasmic motor enzyme that has been suggested to play a role in various forms of 
intracellular motility. In Saccha.romyces cerevisiac the dynein light chain was shown to 
be expressed ubiquitously and throughout the cell cycle at similar levels (Dick et al., 
1996a). The dynein light chain gene has been cloned from various organisms ranging 
from yeast to human. The dynein light chain proteins from D. melanogaster, 
C. elegans and humans are highly conserved with 91% amino acid identity (Dick et 
al., 1996b). 
Tyrosinase enzymatic activity 
1. Introduction 
Several assays for measurement of tyrosinase enzymatic activity have been described, 
some of which will be mentioned here. 
* 1.1 Tyrosine hydroxylase activity 
The tyrosinase hydroxylase assay measures the release of [ 3Hjwater from 
[3,5-3Hjtyrosine during the formation of DOPA (Townsend et at., 1984). This assay 
suffers from high backgrounds due to high rate of non-enzymic exchange of H] with 
water. Moreover, the second tritium is also released during the polymerization into 
melanin. This secondary release can be prevented by the addition of ascorbic acid to 
the reaction mixture. This will block downstream reactions from occuring, as ascorbic 
acid will reduce the formed DOPAquinone to DOPA. However, DOPA is used as a 
cofactor by tyrosine for its tyrosine hydroxylation activity, and increased 
concentrations of DOPA will therefore lead to increased tyrosine hydroxylation 
activity. Other drawbacks of the method are that the measurement is not continuous 
and that relatively long incubation steps are required. 
* 1.2 DOPA oxidase activity: spectrophotometric assay 
With this method the rate of oxidation of DOPA is measured spectophotometrically 
(Hearing Jr., 1987). Oxidation of DOPA by tyrosinase leads to the formation of 
DOPAquinone, which is quickly converted via leucoDOPAchrome to DOPAchrome. 
The change of absorbance is measured at the absortion maximum of DOPAchrome 
(475 nn). At this wavelength the intermediates of the reaction do not absorb and the 
assay is therefore specific. Problems associated with this assay are low sensitivity, due 
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oxidation of DOPAchrome to melanin is significant, as DOPAchrome is not the 
endproduct of the reaction. The reaction intermediate leucoDOPAchrome is non-
enzymatically oxidized by a molecule of DOPAquinone, yielding DOPAchrome and 
one molecule of regenerated DOPA. Therefore only half of the enzymatic assay is 
meaured by this method. 
* 1.3 DOPA oxidase activity: radiometric assay 
A radiometric method for the measurement of DOPA oxidase activity was described by 
Pomerantz (1976). This method uses [2,5,6- 3H] DOPA as a substrate and measures 
the release of rH] during formation of the indole ring at position 6. Like the tyrosine 
hydroxylation method, this assay is discontinuous and also suffers from the loss of 
additional tritium during downstream reactions. 
* 1.4 Oxidation of DOMA by tyrosinase 
Tyrosinase has been reported to be capable of oxidation of substrates other than 
tyrosine and DOPA. The oxidation of 3 ,4-dihydroxymandelic acid (DOMA) by 
tyrosinase was first described by Sugumaran (1986). The reaction mechanism was 
later shown to be very similar to the oxidation of DOPA. Tyrosinase catalyzes the 
oxidation of DOMA to its corresponding quinone, which is very unstable and which 
will undergo oxidative carboxylation to form 3 ,4-dihydroxybenzaldehyde (DOBA) 
(Cabanes et al., 1988). The reaction mechanism is depicted in Figure 6.1. 
At acid pH DOBA is mainly in the protonated species (DOBAH), at neutral pH 
the deprotonated species DOBA is predominant. The two forms of DORA have 
absorption maxima at different wavelengths (RodrIguez-Lopez et al., 1991). This 
assay counts several advantages over the assays described above. For example, the 
production of DOBA can be followed continuously, as the product of the reaction is 
soluble and stable in the assay medium. Moreover, the molar absorption coefficient of 
DOBA is high and the assay is much more sensitive than the DOPAchrome assay. 
Finally, the method has been used to assay the activity of tyrosinases from several 
biological sources. 
2 DOMA tyrosinase 2 DOMAQ 
	
2DOBAH 	 2DOBA 
2 2H20 	 Co2 
	 2H 
Figure 6.1 Oxidation of DOMA by tyrosinase 
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Methods 
The assay for measurement of enzymatic activity and the extraction of proteins from 
worms are described in appendixl9. Worms were synchronized by hypochlorite 
treatment of gravid adult worms, after which the eggs were allowed to hatch overnight 
on NGM plates without food. Worms were fed at the same time and development was 
monitored under a dissection microscope. Worms were harvested at the required 
stages. For hypochiorite treatment of worms see appendix 26. 
Results 
Tyrosinase steady state mRNA levels are upregulated at the moults (Chapter 5). 
Tyrosinase protein activity is also expected to be detectable at the moults when the new 
cuticle is synthesized. 
Proteins were prepared from mixed stage worms, synchronized adult worms 
and L4 to adult moulting worms. The ability of the protein fractions to convert DOMA 
to DOBA was measured spectrophotometrically at 350 nm. One unit of activity is 
defined as the amount of enzyme which will cause a change in absorbance of 0.001 per 
minute. The results are given in the table below. 
Addition of the phenoloxidase inhibitor KCN (potassium cyanide) at a final 
concentration of 1 mM completely abolished the minor activity in the protein 
preparation of adult worms (first batch). Due to scarcity of material this could not be 
tested for L4 to adult moulting worms. 
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protein source activity (per mg protein) 
mixed stage worms' 0 
adults, first batch  0.79 mU 
LA/adult moulting worms, first batch 1 4.55 mU 
adults, second batch2 0 
L4/adult moulting worms, second batch2 0 
Table 6.1 Enzymatic activity in different protein preparations. The procedure followed 
for extracting proteins (see appendix 19) is indicated in superscript. 
4. Discussion 
Using the DOMA oxidation assay, only very low tyrosinase activity could be detected 
in protein extracts from LA to adult moulting nematodes. However, though low, this 
activity was higher in L4 to adult moulting nematodes relative to adult animals. 
Unfortunately in a second batch of synchronously cultured nematodes, no activity 
could be detected, but this might be due to the fact that these animals were harvested 
slightly later during development caused by the large amount of nematodes to be 
harvested. Also a different method of protein preparation was used to extract proteins 
from the second batch of nematodes. Though enzymatic activity of mushroom 
tyrosinases could be readily detected under these experimental conditions, it is possible 
that the optimal pH of C. elegans tyrosinases is not -7. Finally, the substrate used in 
the assay, DOMA, might not be appropriate for the detection of nematode tyrosinase 
activity, which may be more readily detected when natural substrates are used. For this 
reason a new method that is based on trapping of the quinones with Besthom's 
hydrazone (3-methyl-2-benzothiazolinonehydrazone, MBTH) is recommended. This 
method can also be used for the detection of tyrosinase activity after gel electrophoresis 
(Nellaiapan and Vinayagam, 1986). MBTH rapidly reacts with quinones to form a 
dark pink pigment with a 7-8 times higher molar absorption coefficient than 
DOPAchrome (see Figure 6.2). 
Originally, this method involved the reaction of the quinone with MBTH, 
extraction of the insoluble pigment with chloroform and the subsequent 
spectrophotometsic measurement of the chloroformic phase (Mazzocco and Pifferi, 
1976). The method has been improved by Winder and Harris (1991) with the addition 
of a low concentration (2%) of N,N '-dimethylformamide to the reaction mixture which 
renders the MBTH soluble. Solubility of the pigment may remain a problem associated 











,CH3 	NH3 + 7 
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Dark pink pigment 
Figure 6.2 The reaction of DOPAquinone with MBTH 
95 
Knock-out nematodes 
1. Introduction: Transposons in C. elegans 
Transposons are mobile genomic fragments found in many organisms. There are at 
least six different transposons in C. elegans, but only Tel and Tc3 both belonging to 
the Tel/mariner family will be considered here. Tel and Tc3 are very similar in 
structure and consist of a fragment encoding the transposase needed for transposition 
of the fragment, flanked at either side by a short inverted repeat. Tel was discovered 
fortuitously by Rosenzweig et al. (1983), while cloning and sequencing actin genes 
and by Emmons et al. (1983), who compared restriction fragments from a strain 
(Bergerac) in which frequently spontaneous mutations occur and the wildtype Bristol 
strain. In the Bergerac strain an additional 1.6 kb segment was found on otherwise 
identical fragments, which upon further characterization turned out to be Tel. About 
300 copies of Tel are present in Bergerac animals, whereas wildtype animals contain 
only about 30 copies. Both strains have about 15 copies of Tc3 (Rosenzweig, 1983; 
Emmons et al., 1983). 
The regulation of transposition appears to be strain- and tissue-specific. Germ-
line transposition of Tel can only be detected in Bergerac animals and occurs at a much 
lower rate than somatic transposition ('4000-fold difference) (Emmons et al., 1986). 
However, germline-transposition is not a result of high copy number per se, since 
other high-copy number strains do not show germline-transposition (Mori et al., 
1988a). Tc3 transposition is limited to the Bergerac strain, but excision of Tc3 can be 
induced in Bristol animals after forced expression of Tc3 transposase (van Luenen et 
al., 1993). A locus involved in germ-line transposition is mut-2. This EMS 
(ethylmethane sulphonate) induced mutation not only increases Tel activity, but also 
effects other elements (Collins et al., 1987; van Luenen, 1995). 
Both Tel and Tc3 integrate into a TA-target site (Mori et al., 1988b). Hot sites 
for insertion exist and are not clustered, nor regularly spaced. The sequence of the 
transposon donor site apparently does not influence the target site choice, but so far no 
strong consensus for flanking sequence of a target site has been detected. Only a very 
weak correlation between the number of insertions at a certain TA dinucleotide and the 
match of flanking DNA with a proposed consensus sequence (0 A OtT A U T A T/C 
0/C T (Mori et al., 1988b)) was found in a study by van Luenen and Plasterk (1994a). 
92 
A model for Tc3 transposition is given in Figure 7.1. Transposase binds to the 
inverted repeats of the transposon and double-strand breaks are generated removing the 
transposon, which will have two nucleotides protruding on either side. The 3' end 
hydroxyl groups are now available to attack the phosphate bonds on both strands 5' of 
each T residue of the target site. During transposon insertion the TA sequence of the 
target site is duplicated. Gap repair after insertion will complete the process (van 
Luenen et al., 1994b). Tcl transpositon is likely to be similar. 
Footprints are frequently found after excision of transposons. The model 
presented above readily explains the double TA footprint in somatic transposition. 
Probably incomplete removal of the nucleotides left behind by the transposon results in 
slightly larger footprints. In a study by Plasterk (1991), evidence is provided that 
germline footprints are likely to result from incomplete gene conversion from the 
homologous chromosome. Reversion frequencies of animals with heterozygous and 
homozygous TO insertions were assesed and were shown to be approximately 100 
times higher in heterozygotes. Moreover footprints were only found in homozygous 
revertants. 
Both in vitro and in vivo studies showed that transposase is required for 
transposition. Enhanced levels of somatic transposition could be induced in transgenic 
worms with Tc lA under the control of a heat-shock promoter. In vitro transpostion 
was detected with the help of a donor plasmid containing the Tc 1 element and a target 
plasmid carrying a gpa-2 fragment. Incubation of these plasmids with a nuclear extract 
prepared from heat-shocked transgenic worms (see above) was proven to be sufficient 
to induce transposition (Vos et al., 1993; Vos et al., 1996). 
The question remains how nematodes cope with transposition. Transposons 
often insert into introns which are TA-rich, and will therefore not produce a 
phenotype. Besides transposases are expressed at low levels, which limits 
transposition (van Luenen, 1995). It has been suggested that there could be a 
requirement for Tcl to insert near a promoter and/ or enhancer for Tc1A to be 
expressed, as a means to regulate transpostion (van Luenen et al., 1993). Finally, 
animals appear to be able to delete transposons from mutant mRNA. Small footprints, 
deletions and/or substitutions that are present in the mature message might lead to the 










Figure 7.1 Model for transposition. Adapted from (van Luenen et al., 1994b). 
Transposons turned out to be a very useful tool in C. elegans research, 
especially for the construction of knock-out animals. An elegant method for generating 
gene knock-out nematodes has been developed by Zwaal and Plasterk (Zwaal et al., 
1993; Plasterk, 1995). The method makes use of the fact that the excision of 
transposons is sometimes accompanied by a loss of flanking DNA (probably due to 
imprecise repair), causing inactivation of the gene. The method involves two steps: 
first a mutant with a Tcl insertion in the gene of interest is isolated, and then offspring 
of this mutant are screened for mutants which have lost the transposon and that have 
also deleted part of the gene of interest. In order to be able to isolate Tc 1 insertions in 
any gene, frozen transposon insertion mutant libraries have been established by 
Plasterk's group which can be screened by nested PCR with transposon-specific and 
gene-specific primers. Each library consists of 960 nematode cultures derived from 5-
10 animals, which are stored frozen in ten 96-well trays. The strain used for generating 
the libraries is MT3 126, which carries the mut-2 allele that is required for the 
induction of germline transposition. DNA lysates prepared from the cultures are pooled 
such that a culture containing a putative Tcl insertion candidate can be identified in 
three steps. First the row number (in the ten 96-well tray system) of a positive culture 
is determined (first dimension screen), then the column number (second dimension 
screen) is established and finally the plate containing the positive culture is identified 
(third dimension screen). Together these coordinates form the 'address" of the positive 
culture in a frozen library. A positive address is thawed and single worms are picked 
onto small agar plates and tested by PCR for the presence of the transposon insertion. 
Once a positive animal has been isolated it is checked for homozygosity of the 
transposon insertion by performing a PCR on several of its offspring. 
Screening for a deletion mutant is also done by nested PCR, using primers that 
span the region of the transposon insertion and that are about 3 kb apart. This ensures 
that if the transposon is still present the fragment will be too large to be easily 
amplified and that a PCR product will only be obtained when the transposon has 
excised and has caused the deletion of a portion of the gene. Usually these primers are 
identical to the ones which were used to isolate a Tcl insertion mutant. Offspring (5-10 
animals) of the isolated Tcl insertion mutant are picked onto small NGM plates and 
allowed to grow for 2-3 generations after which DNA lysates are prepared from half of 
the population and used in a nested PCR. Once a culture containing a possible deletion 
mutant is identified, the screen will be narrowed down till a homozygous (if viable) 
deletion mutant is isolated. 
Methods 
Three libraries were screened with transposon specific- and tyrosinase-specific primers 
(see appendix 21 for primer sequences). The transposon-specific primers are located in 
the inverted repeats and point outwards, the tyrosinase-specific primers are located at 
either end of the genes. As described in the introduction, the address of an insertion 
mutant in a library is obtained by PCR on pooled DNA in three steps. The first 
dimension address is obtained by 4 independent PCRs on aliquots of pooled DNA. 
Potential positive samples (that showed a positive signal in at least 3 out of the 4 initial 
PCRs) are rescreened in sextuplicate. When at least 4 positive signals are obtained the 
screen is extended to the second dimension. The second dimension address is found 
by PCR on 3 aliquots of differently pooled DNA, and possible positive samples (at 
least 2 positive signals out of the 3 PCRs) are rescreened in sixtuplicate. When at least 
4 positive signals are obtained the screen is extended to the third dimension. The third 
dimension is also PCR-screened in triplicate, but except from a sixtuplicate rescreen, 
lysates are also tested in triplicate in several dilutions (1:10, 1:25 and 1:100), in order 
to determine if the insertion mutant represents a large part of the frozen population. 
Once a positive address is obtained, it is thawed and single worms are picked onto agar 
plates. Worms are allowed to segregate offspring, after which a single worm PCR is 
performed on the adult hermaphrodites. Subsequently offspring (single worms) from 
animals positive for the Tcl insertion are picked onto new agar plates and once 
offspring has been produced, the adults are used in a single-worm PCR (at least 12 
nematodes) in order to assess if the original parent hermaphrodite had been a 
homozygote or heterozygote. PCR protocols and worm lysis procedures are described 
in appendix 21. 
Results 
In the introduction the mechanism of transposition has been described. In rare 
occasions transposition is accompanied by loss of flanking sequences, which may 
knock-out the gene into which the transposon had inserted. In order to generate knock-
out nematodes, three libraries were screened for Tcl insertions into tyr-1 and tyr-2. 
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Figure 7.2 Part of tyr-2 sequence with the Tc] insertion. Exon2 is shown with 
translation. The TA dinucleotide where the transposon has inserted is in bold. 
Transposon sequence is underlined. 
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One address was obtained for tyr-1, but the mutant carrying the transposon 
insertion in tyr-] could not be recovered, probably due to its low abundance in that 
culture. An older library was screened in a final attempt to find an insertion mutant for 
tyr-1, but unfortunately without luck. However, an insertion mutant for tyr-2 was 
isolated, which carries Tcl in the second intron. Part of the sequence of tyr-2 plus the 
transposon is given in Figure 7.2. The transposon inserted into the dinucleotide TA in 
the second intron, 535 basepairs from the start ATG. 
Because this mutant was not very fecund, it was out-crossed once using a him-
8 strain (which is wildtype, except from the him-8 mutation which causes a large 
proportion (37%) of progeny to be male) and DM02, a strain that carries the recessive 
dpy-5 (e6l) and unc-29 (e193) mutations. dpy-5 and unc-29 are located at either side 
of ,nut-2, and produce a visible phenotype when present homozygotically. This makes 
it possible to select for nematodes that are homozygous for mut-2, and therefore in 
which germline transposition can occur. The crossing-scheme is depicted in Figure 
7.3. 
In the first step males are constructed that carry the dpy-5 and unc-29 mutation 
on one of their chromosomes. These males were then crossed with the tyr-2::Tcl 
mutants (homozygous for both tyr-2::Tc] and mut-2) (step II), and their offspring 
were selfed (step III). Half of these worms will segregate progeny among which are 
25% dpy,unc animals, wildtype siblings of which were selfed again (step IV). In the 
last step animals were selected that did not produce dpy, unc progeny. A single-worm 
PCR was performed on their progeny (at least 12 animals), to test if the transposon 
insertion into tyr-2 was still present homozygotically. Three worms were identified that 
were homozygous for both mut-2 and tyr-2::Tcl. Offspring of these animals have been 
screened for deletion mutations. In none of the 300 cultures tested (each culture is 
derived from 5-10 Tcl parents) was a possible deletion mutant detected. 
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Figure 7.3 Out-crossing scheme for tyr-2::Tcl mutants. 
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4. Discussion 
A transposon insertion mutant was isolated that carries Tcl in the second intron of lyr-
2. Sequencing of the relevant PCR product showed that the Tcl insertion was at the 
dinucleotide TA, as expected (see introduction for transposition mechanism). The 
mutant did not produce many offspring and was therefore out-crossed once using a 
him-8 and DR102 (Dpy, Unc) strain. Approximately 300 plates of offspring derived 
from 5-10 out-crossed animals have been screened for the presence of a deletion 
mutant, but no candidate has been obtained. In most PCRs a strong 2-3 kb band is 
obtained, which corresponds to the wildtype size of the tyr-2 fragment, and is due to a 
somatic excision of the transposon since animals were tested and shown to be still 
homozygous for the Tcl insertion. A minor band of —600 bp was often seen, is 
probably either a background signal or a common somatic deletion. 
As screening for a Tcl deletion mutant is very time consuming, a different 
approach is suggested. A promising technique is the use of antisense RNA constructs 
to disrupt gene expression. Constructs containing inverted gene fragments fused to a 
heat-shock promoter are microinjected into gonads of hermaphrodites and expression 
of the antisense RNA is induced by heat-shock. It has been shown for unc-22 (which 
encodes myofilament protein present in the body wall muscle) that UNC-22 protein 
levels are greatly reduced in progeny carrying antisense RNA constructs, leading to the 
characteristic twitching phenotype (Fire et al., 1991). A drawback of this approach 
compared to the construction of Tc 1 knock-out animals is that if no phenotype is 
produced this can either be due to the fact that there is a redundancy in gene function or 
to the fact that the construct is not functional. However if the produced phenotype in 
homozygous Tcl knock-out nematodes is lethal, antisense RNA constructs may cause 
a less severe phenotype and may therefore lead to viable progeny (with a phenotype). 
Very recently, Fire and colleagues showed that gene disruption by injection of 
antisense RNA probably results from contaminating double-stranded RNA, as double 
stranded RNA appeared to much more effective at producing interference than either 
sense or antisense RNA (Fire et al., 1998). 
Because C. elegans possesses at least four tyrosinases, functional redundancy 
is expected. Perhaps the gene functions are not entirely overlapping since the 
tyrosinases are expressed at slightly different moments relative to each other (see 
chapter 5), but it is conceivable that the lack of expression of one of the tyrosinases 
will be compensated for by the other tyrosinase genes. At the other hand, tyrosinases 
are expected to be essential for survival and animals carrying mutations in these genes 
may well not be viable. 
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Redundancy in tyrosinase function can be tested in knock-out animals by 
rescue with other tyrosinases than the mutated one. If indeed tyrosinases are 
functionally redundant, double-mutants (or even quadruple-mutants!) will have to be 
constructed to obtain a phenotype. This is complicated by the fact that the tyrosinases 
are located on the same chromosomes (tyr-] and tyr-2 reside-on Chromosome III, tyr-
3 and tyr-4 are located on Chromosome I, see chapter 2). A combination of gene-
knock-out methods with the use of antisense RNA constructs may provide the required 
insight in tyrosinase gene functionality. It would be interesting to see if similar 
phenotypes can be produced with constructs carrying the col-12 promoter fused to 
inverted tyrosinase fragments. This gene is believed to be expressed at the same time 
during development as tyr-2 (ie. at the moults) (Johnstone & Barry, 1996) and it 
seems reasonable to assume that those genes are both expressed in the hypodermis. 
Instead of transposons, chemicals can be used to induce deletions in genes. 
The major advantage of this approach is that mutant libraries can be screened directly 
for the required deletion mutant. The tedious screening of several hundreds of plates 
for a Tcl deletion mutant is completely ommited. 
Currently several laboratories are experimenting with different mutagens. 
Ethylmethanesulfonate (EMS) was originally used by Sydney Brenner (1974) to study 
genetics of C. elegans. EMS induces point mutations (GC to AT transitions) and small 
deletions. The mutation frequency of EMS is 5 * lor  4 of which approximately 13% are 
small deletions. The mutation frequency decreases with the concentration of EMS used 
and the exposure time (Anderson, 1995; Jansen et al., 1997). L4 larvae are immersed 
in EMS solution for four hours and allowed to recover overnight on seeded NGM 
plates (Suiston and Hodgkin, 1988). Off-spring of mutagenized animals can be used to 
create mutant libraries like described for the transposon libraries. Mother option is the 
use of trimethylpsoralen (TMP) in combination with UV radiation (Yandell et al., 




C. elegans tyrosinase promoters 
1. Introduction 
* 1.1 eukaryotic RNA polymerase II promoters 
Basal transcription by RNA polymerase II requires the formation of an initiation 
complex at the promoter. This involves several promoter elements and transcription 
factors (TF).The best characterized element is the TATA-box located near -30 relative 
to the transcription start site. It is usually surounded by G/C-rich regions (Larsen et 
al., 1995). The first step in the assembly of the initiation complex is the binding of 
TFIID to the TATA-box followed by binding of TFJIB which in turn recruites RNA 
polymerase II and TFIIF into the complex. Finally TFIIE and TFIIH associate with the 
complex. The activiation of the basal initiation complex requires the hydrolysis of ATP 
(Buratowski, 1994; Nikolov and Burley, 1997). In non-TATA promoters, the initiator 
element (Inr) is of importance. This highly variable element overlaps the transcription 
start site and is capable of mediating assembly of RNA polymerase IT-specific 
transcription complexes (Fassler and Gussin, 1996). The CID of RNA polymerase II 
(see introduction of Chapter 5) may play a role in the assembly of initiation complexes 
at this type of promoter (Buratowski, 1994). 
Induced levels of transcription are achieved by interaction of the basal initiation 
complex with regulatory factors that bind enhancer elements. The enhancer elements 
function independently of distance, position or orientation (Nussinov, 1990). 
Transcription activators possess at least two functional domains: a DNA-binding 
domain and an activation domain. The activation domain mediates interaction with the 
basal transcription complex either directly or via coactivators (Fassler and Gussin, 
1996). The proteins are believed to be brought in contact through looping of the 
intervening DNA (Nussinov, 1992). 
* 1.2 Studying promoters in C. elegans 
Tissue-specific expression in C. elegans can be studied with the help of expression 
vectors containing promoter fragments fused to the coding region of E. coli reporter 
gene lacZ or the coding region of Aequorea victoria GFP (green fluorescent protein) 
(Fire et al., 1990; Chalfie et al., 1994). lacZ encodes the enzyme -galactosidase, 
which generates an insoluble blue product upon histochemical staining with X-gal. 
GFP production (in contrast to lacZ expression) can be monitored in vivo by 
illuminating transgenic animals with UV light. Transgenic C. elegans carrying the 
constructs can be produced by microinjection of DNA into the syncytial gonad of adult 
hermaphrodites (Stinchcomb et al., 1985; Mello etal., 1991). As a marker for 
transformation the p!asmid pRF4 can be coinjected. pRF4 carries a mutant collagen 
gene (rol-6, SU1006) that confers a roller phenotype to transgenic animals (helically 
twisted cuticle). The injected plasn,ids form large extrachromosomal arrays by 
homologous recombination, that can be inherited in a non-Mendelian fashion (Mello et 
al., 1991). 
A number of promoters in C. elegans have been studied in detail. It is generally 
believed that genes that are expressed prior to cellular differentiation have large and 
complex promoters composed of distinct regulatory elements, whereas genes encoding 
abundant structural proteins that are expressed after cell fate has been determined, have 
relatively small and simple promoters (Krause et al., 1994). For example, hi/i-] which 
is a homologue of the MyoD family of myogenic regulatory factors and which may be 
involved in muscle differentiation, has a large promoter ('-'3 kb) with distinct segments 
required to drive expression in different subsets of cells (Krause et al., 1994). ges-] 
encodes a carboxylesterase which is expressed in the developing gut of embryos. Its 
promoter is larger than 1309 bp and contains elements to which tissue-specific 
repressors may bind (Aamodt et al., 1991). The promoter of the homeobox containing 
gene mec-3 is composed of four regions with distinct functions which together control 
the correct expression of niec-3. mec-3 is expressed in three sets of mechanoreceptors 
and appears to control their identity (Way et al., 1991). In contrast the vit-2 promoter 
comprises only 247 base pairs. vit-2 encodes a vitellogenin which is expressed first at 
the end of the LA stage and which remians abundant throughout adult life (MacMorris 
et al., 1992). Other examples of genes with short promoters are the genes encoding the 
myosin heavy chain isoforms (unc-54: 180 bp; myo-2: 222 bp; rnyo-1: 518 bp; myo-3: 
1489 bp). These abundant genes are expressed in pharyngeal and body wall muscles 
(Okkema et al. 1993). The promoters of collagens have also been reported to be small. 
Adult-specific expression of col-19 in the hypodermis can be achieved by a 235 base 
pair promoter (Liu et al., 1995), and dpy-7 and rol-6 both have promoters of -'300 
base pairs (Gilleard et al., 1997). Tyrosinases are expressed in a similar fashion as 
(some) collagens (see Chapter 5) and would be predicted to possess small promoters. 
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2. Methods 
DNA fragments to be tested for promoter activity were PCR amplified with primers 
containing restriction sites and cloned into the pOEM T-vector. After digestion of the 
plasmids with the appropriate restriction enzymes the promoter fragments were gel 
purified (appendix 9) and cloned into a lacZ- or OF?- reporter plasmid. A general map 
of the vectors is included in appendix 30, primers are listed in appendix 32. All 
constructs were generated as transcriptional fusions, using the vector ATO as start 
codon. Limited deletion analysis was done: either fragments including 500 - 600 bp 
immediate upstream of the start ATO were used, or longer fragments (2 kb (tyr-] and 
tyr-2) or the entire Send of the gene (lyr-3 and tyr-4)) were cloned into the expression 
vectors. The PCR conditions, expression vectors and promoter fragment sizes are 
given in table 8.1. 
The plasmids were coinjected with a rol-6 marker plasmid into the gonads of 
adult hermaphrodites according to standard procedures (for a protocol see appendix 
27). The promoter construct containing the short promoter fragment of tyr-3 was not 
like the other constructs injected into N2 wild-type animals but into the him-8 mutant 
strain. For each construct apart from tyr-3 constructs, at least three independent lines 
were analyzed. Animals transformed with GFP-expression promoter constructs were 
analyzed using Zeiss epifluorescence and confocal microscopes. Transgenic animals 
carrying the lacZ-expression promoter construct were fixed and stained according the 
protocol in appendix 28 and observed with a Zeiss Axiovert 135 microscope when 
sufficiently stained. 
gene primers fragment vector 
size  
PCR conditions 
Iyr-1 tyr40 x tyr4l 2398 bp pPD95.57 / pPD 95.73 940 0:30/ 55° 0:30/ 72 ° 2:30 (30x) 
Lyr-1 tyr41 x tyr44 553 bp pPD95.57 94° 0:30/ 55° 0:30/ 72 ° 1:00 (30x) 
ryr-2 tyr38 x tyr43 1985 bp pPD95.57 / pPD 95.73 94° 0:15/ 55° 0:20/ 72 ° 3:00 (35x) 
iyr-2 tyr63 x tyr39 607 bp pPD 95.81 94° 0:30/ 55° 0:30/ 72 ° 1:00 (30x) 
iyr-3 tyr58 x tyr46 1273 bp pPD95.57 / pPD 95.73 94° 0:40/ 55° 0:40/ 72 ° 2:00 (35x) 
tyr-3 tyr45 x tyr46 631 bp pPD 95.73 94° 0:30/ 55° 0:30/ 72 ° 1:00 (30x) 
tyr-4 tyr64 x tyr65 979 bp pPD95.57 94° 0:30/ 55 ° 0:30/ 72 ° 1:00 (30x) 
iyr4 tyr52 x tyr53 637 bp pPD 95.81 94° 0:30/ 55 ° 0:30/ 72 ° 1:00 (30x) 
Table 8.1 Tyrosinase promoter fragments. All PCRs were preceeded by a cycle at 950 
for 5 min and followed by a cycle at 72 'for JO mm. 
3. Results 
Localization of gene expression was studied using lacZ- and GFP- promoter 
constructs. In chapter 5 was shown that the steady state inRNA levels of three of the 
tyrosinases were upregulated at the moults, suggesting their involvement in cross-
linking of the new cuticle which is produced by the underlying hypodermis. The 
expression of the reporter genes driven by tyrosinase ((yr-1, zyr-2, tyr-3 and lyr4) 
promoter fragments was therefore expected to be found in the hypodermal tissues. 
Limited deletion analysis was performed. Two promoter fragments (see Figure 8.1-4) 
were used to assay the expression pattern of the tyrosinases. 
*3.1 tyr-1 
For (yr-i 6 transgenic lines carrying the lacZ reporter construct containing the -2.5 kb 
promoter fragment and 3 lines carrying the lacZ reporter construct containing the 
-550 bp promoter region were obtained. Four independent lines transformed with the 
GFP-promoter construct fused to the 2.5 kb promoter fragment were established. All 
these lines were analyzed. All lines obtained in this study are listed in table 8.2. In 
table 8.3 a summary for all four tyrosinases of cells showing reporter gene activity is 
given together with the relevant figures. 
In animals transformed with reporter constructs containing the -2.5 kb 
promoter region, earliest expression is seen in comma stage embryos. In figure 8.7A 
an early comma stage embryo stained for lacZ activity is shown, figure 8.5A shows a 
brightfield image of a slightly older comma stage embryo and a fluorescent image of 
the same embryo is shown in figure 8.513, (yr-i promoter activity is found in the 
hypodermal tissues of the head, body and tail in all stages of the lifecycle. 
Fluorescence is observed in the lateral hypodermal syncytium, but is absent from the 
the hypodermal blast cells which appear as dark oval shapes. Nuclei can be 
distinguished as brighter fluorescent dots in the hypodermal syncytium. Some extra 
small cells in the head exhibit lacZ activity. This is likely to be due to background 
staining of nuclei of pharyngeal cells or neuronal cells. Nuclei are more readily 
identified in animals transformed with lacZ constructs including a NLS-signal. The 
head hypodermal nuclei (hyp3, hyp4, hyps, hyp6 and hyp7) are labeled in pictures of 
heads of a Li and L2, tail hypodermal nuclei are identified in the tail of a L2 larva and 
adult (see table 8.3). Additional lacZ activity is found in the hypodermal cells of the 
vulva (see table 8.3). The patterns seen in animals transformed with a GfP-promoter 
constructs are the same as those observed in animals transgenic for lacZ-promoter 
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constructs. No significant differences were found between the lines, except for ED1 19 
which showed much fainter fluorescence than the other 3 GFP lines. 
The staining pattern observed in nematodes transformed with lacZ promoter 
constructs fused to the short promoter fragment is completely different. In all stages 
staining of nuclei of intestinal cells is apparent. Sometimes additional staining of nuclei 
in the head is seen. These neuronal cells seem closely associated with the pharynx and 
are believed to represent background signal. The same is probably true for the staining 
in the gut cell nuclei, a tissue prone to background staining. Of the three lines only 
EDI 11 exhibited strong staining, less cells were found to stain in EDI09 animals 
(weaker than in ED1 11 animals), whereas no staining at all was observed in line 
ED11O. 
*32 tyr-2 
For tyr-2 3 transgenic lines carrying the GFP reporter construct containing the —2 kb 
promoter fragment and 7 lines carrying the (}FP reporter construct containing the 
—600 bp promoter region were obtained. Six independent lines transformed with the 
lacZ-promoter construct fused to the —2 kb promoter fragment were established. All 
lines transformed with the lacZ construct and the GFP construct including the long 
promoter fragment were analyzed, only 4 lines transgenic for the GFP construct fused 
to the shorter promoter region were analyzed. 
The expression pattern observed in !yr-2 transgenic animals is surprising. Faint 
fluorescence in hypodermal tissue was only observed in animals transformed with 
GFP-reporter constructs containing - 2 kb of upstream region of yr-2 . fluorescence 
in the lateral hypodermis and tail (most likely corresponding to hyplO) is seen in Li, 
L2 and L3 larva. In all stages unidentified neurons in the head show fluorescence. In 
LA larva and adults no fluorescence was observed in the hypodermal tissues except 
from the tail, but bright fluoresence was found in the uterus. fluorescence in 
hypodermal cells is absent from animals transformed with the GFP construct 
containing only - 600 bp of the r-2 promoter. Occasionally neurons in the head of all 
stages exhibit fluorescence, an example of which is shown in figure 8.13A. Strong 
fluorescence is observed in the uterus of L4 larvae and adult hermaphrodites. A series 
of images of the developing uterus is presented in figure 8.13B-E. Brightest 
fluorescence was found in line ED 122, the pattern observed in ED 124 and ED 127 
animals was identical but fluorescence was weaker. No further differences were seen 
between lines. 
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The staining pattern obtained for animals transgenic for the lacZ construct 
confirmed the pattern observed in animals transformed with the GFP construct 
including the longer promoter fragment. Faint staining of hyp7 nuclei was seen in Li 
and L2 larvae, only one L4 larva with staining of hyp7 nuclei was found (fig 8.15D). 
In this particular L4 larva also descendents of pN.p cells that join hyp7 are visible. The 
staining in the hypodermis is blurred by background staining of intestinal nuclei (see 
table 8.3). Staining of neurons in the head is comparible to the fluorescence described 
above. In all stages staining of the tail hyp 10 nuclei was observed. As expected, lacZ 
activity was found in the uterine nuclei of LA larvae and adult hermaphrodites. No 
significant differences were found between the lines. 
*33 tyr-3 
Only few transgenic lines were obtained with the tyr-3 promoter constructs: 1 line 
transformed with the GFP construct containing the longer promoter fragment, 1 line 
transgenic for the GFP construct containing the short promoter fragment and 3 lines 
carrying the lacZ construct. All lines were analyzed. 
Surprisingly no fluorescence was observed in any of the animals transformed with 
tyr-3 GFP constructs. lacZ staining was limited to nuclei of the gut in all stages, 
though very occasionally staining of small (pharyngeal or neuronal) cells was found 
(see table 8.3). Unidentified cells were staining in posterior end of males, these cells 
however were not associated with the tail. 
*34 tyr-4 
After microinjection 9 lines were obtained carrying the GFP contruct fused to the short 
tyr-4 promoter region, 3 lines stably transformed with the lacZ construct containing the 
long promoter fragment were established. Three lines of each type were analyzed. 
For both the lacZ- and the GFP-construct expression of tyr-4 was found to be 
in the hypodermal tissues. fluorescence was observed in embryos, shortly before 
hatching. Figure 8.18A and B show a pretzel-stage embryo with fluorescence in the 
hypodermis. Earlier embryos did not stain, fluorescence is seen in the lateral 
hypodermal syncytium, but is absent from the blast cells, appearing as dark oval 
shapes. In some larva some of the hypodermal (hyp7) nuclei can be distinguished as 
brighter fluorescence within hyp7. fluorescence is also present in the hypodermal 
tissues of the head and tail of the animals. Confocal 3D reconstruction confirms the 
restriction of fluoresence to the hypodermis (a tube surrounding the body, see fig 
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8.19D). lacZ-staining patterns confirmed the data obtained with GFP-reporter 
constructs. The individual nuclei can be most accurately identified in Li. The nuclei in 
the body correspond to hyp7, the nuclei in the tail are proposed to be hyp8, hyp9 and 
hypi 1 respectively. Staining in those tail hypodermal nuclei was found to be variable. 
lacZ activity was not detectable in all the head hypodermal cells, as only nuclei of 
hyp7, hypó and hyp5 were found to exhibit lacZ activity. Interestingly the hyp7 nuclei 
in the head did not stain in some animals (fig 8.20B). In addition the two tail hyp7 
nuclei were not stained until the 12 larval stage. In one Li larva staining was observed 
in HOL and Hil in the head (fig 8.20C). The lacZ staining pattern for adult 
hermaphrodites corresponds to the one described for Li larvae, with the expanded 
number of hyp7 nuclei. Apart from the lateral hypodermal nuclei descendents from the 
Pn.p cells that are part of hyp7 are apparent. No significant differences were found 






Figure 8.1 Promoter fragments of tyr-] used to clone into the reporter plasmids. The 
ATG of tyr-] was excluded from the fragment. No other genes were predicted to be 





Figure 8.2 Promoter fragments of tyr-2 used to clone into the reporter plasmids. The 
ATG of tyr-2 was excluded from the fragment. No other genes were predicted to be 
present in this region (sequencing of this region has not yet been finished by the C. 
elegans genome project). 
I 	I—TAA -IATG 
1273bp 
ATG 
Figure 8.3 Promoter fragments of tyr-3 (thick lines) used to clone into the reporter 
plasmids. The ATG of tyr-3 was excluded from the fragment. The TAA stop-codon 
belongs to a gene (represented by the box) with similarity to bovine protein kinase C 
inhibitor ] predicted by GENEFINDER. 




Figure 8.4 Promoter fragments of tyr-4 (thick lines) used to clone into the reporter 
plasmids. The ATG of tyr-4 was excluded from the fragment. The TAA stop-codon 
belongs to a gene (represented by the box) of unknown function. - 
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promoter fragment reporter gene line name 
(yr-I short lacZ ED109 
(yr-I short lacZ ED11O 
(yr-I short lacZ ED111 
tyr-I long lacZ ED120 
tyr-i long lacZ ED123 
tyr-I long lacZ ED146 
iyr-I long lacZ ED106 
(yr-I long lacZ ED125 
(yr-i long lacZ ED126 
(yr-i long GFP ED112 
(yr-I long OF? ED115 
(yr-i long OFP ED117 
(yr-I long GFP ED119 
(yr-2 short GFP ED130 
nyr-2 short GFP ED131 
(yr-2 short OFP ED132 
tyr-2 short GFP ED133 
lyr-2 short GFP ED134 
tyr-2 short OFF ED 135 
tyr-2 short OFP ED136 
tyr-2 long lacZ ED1 14 
(yr-2 long lacZ ED147 
(yr-2 long lacZ ED1O1 
(yr-2 long lacZ ED100 
tyr-2 long lacZ ED102 
(yr-2 long lacZ ED104 
tyr-2 long OFP ED122 
lyr-2 long GFP ED124 
(yr-2 long GFP ED127 
(yr-3 short OFF ED108 
(yr-3 long lacZ ED1 13 
tyr-3 long lacZ ED116 
tyr-3 long lacZ ED118 
(yr-3 long OF? ED121 
(yr-4 short OFP ED140 
(yr-4 short GEP ED 137 
(yr-4 short GFP ED 138 
iyr-4 short OFP ED 139 
lyr4 short OFP ED129 
Iyr4 short OFP ED141 
(yr-4 short OFP ED142 
(yr-4 short OFP ED143 
(yr-4 short OFF ED144 
(yr-4 long lacZ EDI03 
lyr-4 long lacZ ED128 
tyr-4 long lacZ ED 145 
Table 8.2 Trans genic lines 
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tyr-1 lacZ GFP 
hyp3 8.8A-C 8.5C-E, 8.6A-B 
hyp4 8.7C, 8.8A-C 8.5C-E, 8.6A-B 
hyp5 8.7C, 8.8A-C 8.5C-E, 8.6K-B 
hypó 8.7C-D, 8.8K-B 8.5C-E, 8.6A-B 
hyp7 8.713-1), 8.8A-D 8.5C-.E, 8.6A-B 
hyp8 8.713, 8.8B-C, 8.913 8.5C-E, 8.6A-B 
hyp9 8.71), 8.8B-C, 8.913 8.5C-E, 8.6A-B 
hyplO 8.713, 8.813-C, 8.91) 8.5C-E, 8.6A-B 
hypil 8.713, 8.8B-C, 8.91) 8.5C-E, 8.6A-B 
Tcells 8.13D 
vulval cells 8.9K-C 8.6B-D 
gut 8.1OA-D, 8. 1017 
other head cells 8.10C, 8.10E  
tyr-2 lacZ GFP 
body hyp7 8.14A, 8.14C, 8.15A, 8. 15D 8.1 lA-B, 8.1 1D 
pN.p daughters 8.15D 
hyplO 8.14A-C, 8.15A, 8.15C-D 8.11D-E 
gut 8.14A-C, 8.15C 
head neuronal cells 8.14A-D, 8.15A-D 8.11A-D, 8.13F 
uterine cells 8.16A-E 8.12A-C, 8.13B-E 
tyr-3 lacZ GFP 
gut 8.17A, 8.17F, 8.17G 
unidentified cells 8. 17C-E 
near male tail 
small head cells 8.17B  
tyr-4 lacZ GFP 
hyp5 8.20A-B, 8.20D-F 8.18C-D, 8.19A-C 
hyp6 8.20A-B, 8.20D-G 8.18C-D, 8.19A-C 
hyp7 8.20A-G, 8.18A-B, 8.19A-C 8.18C-D, 8.19A-C 
hyp8 8.20A, 8.20E-G 8.18C-D, 8.19A-C 
hyp9 8.20A, 8.20E-G 8.18C-D, 8.19A-C 
hypli 8.20A, 8.20E-G 8.18C-D, 8.19A-C 
pN.p daughters 8.20F 
1 	
11 
Table 8.3 Summary of cells showing reporter gene activity with the relevant figures. 
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Figure 8.5 Confocal images of animals transformed with the GFP 
reporter construct containing the large promoter fragment of tyr-1. 
Panel A: brightfield image of a comma-stage embryo 
Panel B: fluorescent image of the same embryo as in A 
Panel C: Li larva 
Panel D: L2 larva 
Panel E: L3 larva 
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Figure 8.6 Confocal images of animals transformed with the GFP 
reporter construct containing the large promoter fragment of tyr-]. 
Panel A: L4 larva 
Panel B: adult hermaphrodite 
Panel C: lateral view of adult vulva 











h hyp6 	 yp7  
- hyp6 
hyp6 . 









Figure 8.7 Images of animals stained for lacZ activity. The animals are 
transformed with the lacZ reporter construct containing the long 
promoter fragment of tvr-  1. 
Panel A: early comma-stage embryo 
Panel B: Li larva 
Panel C: head of Li larva 
Panel D: L2 larva 
Panel E: Schematic diagram of Li larva showing the position of the 


















Figure 8.8 lacZ activity in animals transformed with the 
reporter construct containing the long promoter fragment of tyr-] 
Panel A: head of L2 larva 
Panel B: L3 larva 















Figure 8.9 lacZ activity in animals transformed with 
the reporter construct containing the long promoter fragment 
of tyr-] 
Panel A: adult hermaphrodite 
Panel B: lateral view of vulva 
Panel C: ventral view of vulva 
Panel D: adult hermaphrodite tail 
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Figure 8.10 lacZ activity in animals transformed with the reporter 
construct containing the short promoter fragment of tyr-i 
Panel A: Li larva 
Panel B: L2 larva 
Panel C: L3 larva 
Panel D: L4 larva 
Panel E: LA head 
Panel F: adult hermaphrodite 
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Figure 8.11 Confocal images of animals transformed with the GFP reporter 
construct containing the long promoter fragment of tvr-2 
Panel A: Li larva 
Panel B: L2 larva 
Panel C: head of L2 larva 
Panel D: head of L3 larva 
Panel E: tail of L3 larva 
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Figure 8.12 Confocal images of animals transformed with the 
GFP-constructcontaining the long promter fragment of tyr-2. 
uv: uterine vulval cell; sum: sperrnathecal-uterine cells 
Panel A: young L4 larva 
Panel B: adult hermaphrodite uterus 
Panel C: close-up of the spemathecal-uterine valve 
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Figure 8.13 Confocal images of animals transformed with the GFP-
reporter construct containing the short promoter fragment of tyr-2. 
Panel A: head of L3 larva 
Panel B: IA uterus 
Panel C: young adult uterus 
Panel D: adult uterus 
Panel E: older adult uterus 
Panel F: schematic diagram of adult uterus (from Newman et al., 1996) 
uv: uterine vulval cell; ut: uterine toroidal epithelial cell; 




















Figure 8.14 lacZ activity in animals transformed with the 
lacZ -reporter construct containing the long promoter fragment 
of tyr-2 
Panel A. LI larva 
Panel B: Li larva 
Panel C: L2 larva 
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Figure 8.15 lacZ activity in animals transformed with the 
lacZ -reporter construct containing the long promoter 
fragment of tyr-2 
Panel A: L2 larva 
Panel B: L3 & LA head 
Panel C: L3 larva 
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Figure 8.16 lacZ activity in animals transformed with the 
lacZ -reporter construct containing the long promoter 
fragment of tr-2 
Panel A: young L4 larva 
Panel B: old IA larva 
Panel C: young adult 
Panel D: lateral view of adult uterus 









Figure 8.17 lacZ activity in animals transformed with the lacZ-
reporter construct containing the long promoter fragment of tyr-3 
Panel A: 2 L2 larvae 
Panel B: head of L3 larva 
Panel C: male tail 
Panel D: male tail 
Panel E: male tail 
Panel F: L3 larva 





Figure 8.18 Confocal images of animals transformed with 
the GFP -reporter construct containing the short promoter 
fragment of tyr-4 
Panel A: brightfieid image ofpretzel stage embryo 
Panel B: fluorescent image of the same embryo as in panel B 
Panel C: Li larva 
Panel D: L2 larva 
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Figure 8.19 Confocal images of animals transformed with the GFP-
construct containing the short promoter fragment of tyr-4 
Panel A: L3 larva 
Panel B: adult hermaphrodite 
Panel C: LA larva 
Panel D: 3-dimensional schematic diagram of the central part of a 
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Figure 8.20 lacZ activity in animals transformed with the lacZ -reporter 
construct containing the long promoter fragment of tyr-4 
Panel A: Li larva; inset: head of Li larva 
Panel B: Li larva (body hyp7) 
Panel C.' head of Li larva 
Panel D: L2 larva 
Panel E: L3 larva 
Panel F: 2 adults 
Panel G: IA larva 
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4. Discussion 
The different expression patterns are summarized in figure 8.21. Both tyr-1 and tyr-4 
promoters are active in the hyp7 syncytium. Expression of tyr-4 is limited to a subset 
of head and tail hypodermal cells, whereas tyr-] is expressed in all head (except from 
hypi and hyp2) and tail hypodermal cells. In addition tyr-I is expressed in vulval 
cells. Only faint expression of tyr-2 is apparent in the hypodermal syncytiuin, however 
this gene is strongly expressed in the uterus and also in tail hyplO nuclei. No 
expression pattern was found for tyr-3. Earliest expression of iyr-1 and tyr-4 was 
found in the embryo. This is likely to reflect the production of the Li cuticle, which is 
made by the embryo in the egg. Thus overlap in expression is found in hyp7 (tyr-1, 
tyr-4 and tyr-2(weak)), hyp5, hyp6, hyp8, hyp9 and hypl I (tyr-1 and tyr-4) and hyp 
10 (tyr-1 and !yr-2). Exclusive expression of tyr-] is found in the vulval cells, hyp3 
and hyp4 and only tyr-2 is expressed in the uterus. 
In chapter 5 the expression patterns at the niRNA level of tyr-1, tyr-2 and tyr-4 
have been described. A redundancy in tyrosinase function was expected, as steady 
state mRNA levels of these genes were shown to be upregulated at each moult, though 
the expression peaks were shifted slightly with respect to each other. The data 
presented in this chapter however, suggest that this is not the case, since the tyrosinase 
promoters are active in distinct subsets of hypodermal cells and even in the uterine 
tissue. Apart from a function in cross-linking of the new cuticle (tyr-1, tyr-2 and tyr-
4), tyrosinases are probably also involved in biosynthesis of the egg shell (tyr-2) (see 
below). Expression in the hypodermis correlates well with the enzymatic activity 
detected in protein fractions extracted from moulting animals (see chapter 6). The adult 
population tested for enzymatic activity was very young and did not yet produce eggs. 
This may be the reason that no tyrosinase activity was detected in this population. 
The notion that vulval cells are different from the hyp7 body hypodermal 
syncytium is supported by the fact that only tyr-] is expressed in the vulval cells. The 
vulva develops during the L3 and L4 stage and is generated by the vulval precursor 
cells (VPCs) P3.p-P8.p. Because these cells have approximately equivalent 
developmental potential they are also called the vulval equivalence group (Kornield, 
1997). During the [A stage the vulval cells migrate to their final positions and at the L4 
moult the opening to the exterior is made (Greenwald, 1996). 
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distal tip cell sheath cell 
i t'r-I & 	 spernatheca 
•- tyr-2 
• 47-1 & tyr-2 
Figure 8.21 Lateral view of an adult hermaphrodite. Modified from Newman et al., 
1996. The tissues in which the tyrosincise promoters are active are shown in different 
colours. 
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Each of the VPCs is determined to adopt the primary, secondary or tertiary 
fate. The primary and secondary fates are vulval fates, generating distinct subsets of 
cells that constitute the vulva. Cells that adopt the tertiary fate join the hyp? syncytium. 
Inter- and intra-cellular signalling is required to form a proper vulva (reviewed in 
Sternberg, 1993). Many of the genes involved in the signalling pathways were found 
to encode evolutionary conserved proteins. The current model for the formation of the 
vulva integrates three different signals. Firstly, the anchor cell of the somatic gonad 
induces the primary fate in the VPC closest to it (P6.p). P6.p in turn promotes the 
secondary fate in P5.p and P7.p by lateral signalling. The secondary fate may also be 
promoted by the anchor cell, through a graded signal (LIN-3), inducing the primary 
fate in P6.p and the secondary fate in P5,p and P7.p (Kenyon, 1995). An inhibitory 
signal from the hypodermal syncytium prevents all VPCs from adopting vulva! fates 
(Horvitz & Sternberg, 1991). tyr-] transgenic lines could thus be used as markers to 
follow vulval morphogenesis in mutants. 
In contrast to the expression pattern obtained with the reporter constructs 
containing the long promoter fragment of tyr-1, lacZ activity was observed in gut 
nuclei after transformation with the reporter construct containing the short promoter 
fragment of tyr-1. As this ectopic expression was variable (ectopic expression was 
absent in one line, weak in another and only one line showed strong lacZ activity in 
many intestinal cells) it is believed to be background signal. Ectopic expression in the 
gut (and pharynx) is frequently observed with short promoter fragments. The 
background staining probably results from interactions between vector sequences and 
sequences in the inserted promoter fragment (Krause et al., 1994). 
Only faint expression was found in the hyp7 syncytium of larvae carrying 
reporter constructs containing the long promoter fragment of lyr-2. Expression 
resulting from reporter constructs containing the short promoter fragment was limited 
to the L4 and adult uterus. Possibly the 1985 basepair upstream region of tyr-2 does 
not represent the full promoter. This could also explain the expression of lacZ and 
GFP in the gut and in unidentified cells of the head. Ectopic expression of ges-1 
(encoding carboxylesterase) was reported to be due to deletion of promoter regions 
containing binding sites for tissue-specific repressors (Aamodt et al., 1991). Ectopic 
expression may also result from injection of high copy-numbers of plasmid, causing 
competition for the tissue-specific repressors (Aamodt et al., 1991). It is unlikely that 
the ectopic expression is due to integration of the constuct near a gut- or head-specific 
enhancer, as the same pattern is observed for all lines. 
Surprisingly, promoter activity of syr-2 was strongest in the LA and adult 
uterus. Oogenesis starts in the bend of the ovotestis. After maturation in the oviduct, 
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the oocyte is pushed into the spermatheca where it is fertilized. Subsequently the 
fertilized egg is pushed through the spermathecal-uterine valve into the uterus where it 
is enclosed by an egg shell (Kimble and Ward, 1988). Phenoloxidases have been 
implicated in cross-linking of trematode egg shell proteins (see chapter 1) and TYR-2 
is likely to perform the same function in C. elegans. 
No expression pattern was obtained for tyr-3. The staining of nuclei in the gut 
was only apparent after staining overnight and is believed to represent background 
signal. Possibly the gene predicted upstream of tyr-3 by GENEFINDER is not real but 
perhaps this sequence is actually part of the ryr-3 promoter. As mentioned in Chapter 
2, the GENEFINDER program uses properties such as codon usage and splice 
recognition sequences to predict gene structures of putative C. elegans genes. It is also 
possible that downstream elements of tyr-3 have to be included in the construct, as the 
presence of enhancer elements in introns have been reported (Okkema et al., 1993; 
Krause et al., 1994). This could be of importance since tyr-3 is expected to be 
expressed at low levels (see chapter 5). Only few lines were obtained for yr-3, 
possibly due to a poisonous effect of overexpression of the transgene driven by the 
tyr-3 promoter. Different dilutions of promoter constructs and marker plasmids should 
be injected to find out if this is the case. 
Expression driven from the promoter of tyr-4 was found only in hypodermal 
tissue. The expression in the hypodermal nuclei of the tail was found to be variable 
and may result from somatic mosaicism. Somatic mosaicism can be decreased by 
generating gamma-ray- induced integrated lines. Surprisingly hyp7 nuclei of the head 
were found to be non-staining in some animals and staining of hyp7 tail nuclei was not 
observed until the L2 larval stage. These cells are part of the lateral hyp7 syncytium, 
which has been reported to arise through cell fusions that are completed at the end of 
the embryonic stage (Podbilewicz and White, 1994). It is hard to envisage how a 
cytoplasmically produced marker could be limited to one set of nuclei in a synsytium. 
However, the exact timing of the fusion of the head and tail hyp7 cells to the large 
lateral hypodermal syncytium is not known (B. Podbilewicz, pers. comm.). It is 
therefore possible that these cells are the last ones to fuse with the large hyp7 cell, that 
the fusions do not happen until the Li larval stage and that expression of tyrosinase 
genes is differentially regulated regulated in subsets of hyp7 nuclei. These transgenes 
may thus prove to be useful markers of cell fusion events. As lacZ and GFP are stable 
proteins, it is likely that the expression patterns observed result from expression at the 
previous moult. The staining pattern of Li larvae (notably the absence of staining in 
some hyp7 nuclei) does suggest that this may be the case. 
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rol-6 may not be the ideal transformation marker in a study of promoters that 
are expected to be active in the hypodermis. rol-6 may contain temporal and tissue 
specific expression signals (Mello and Fire, 1995). Given the expression patterns 
described here, interference of rol-6 elements is believed to be negligible. Constructs 
expressing unc-22 antisense RNA can also be used to identify transformed progeny. 
unc-22 encodes for myofilament protein present in the body wall muscle and it has 
been shown that UNC-22 protein levels are greatly reduced in progeny carrying 
antisense RNA constructs (Fire et al., 1991). The twitching phenotype in transformed 
animals is more difficult to score than the roller phenotype, moreover the unc-22 
construct contains a strong body wall muscle enhancer (Mello and Fire, 1995). It is 
also possible to transform a mutant strain with a visible phenotype and to use a marker 
plasmid that rescues the mutation. For example a tra-3 mutant carrying an amber 
mutation (these animals are sterile) could be used in combination with a marker 
plasmid expressing sup-7 to restore fertility. 
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Expression of recombinant proteins 
Introduction 
In the previous chapter the analysis of localization of gene expression with the help of 
promoter constructs has been presented. Here the first steps towards localization of 
tyrosinases at the protein level will be described. Tyrosinases are predicted to be 
secreted proteins and given their expected function we believe them to localize to the 
cuticle. For confirmation of this hypothesis antibodies specific for tyrosinases are of 
vital importance. 
Methods 
Recombinant proteins representing different parts of TYR- 1 and TYR-2 were 
expressed using the pET-15b (TYR-1) and pET-29c system (TYR-2) (Novagen). 
Primers were designed for amplification of cDNA encoding for the Cu-active sites and 
NC6-domains of (yr-I and the '5-end and NC6-domains of tyr-2 (see table 9.1 for 
sequences of primers used for amplification and cloning in pET vectors). Once cloned, 
plasmid DNA was prepared from overnight cultures grown from positive colonies. 
Subsequently BL21 cells were transformed with 1 p1 of the miniprep and a single 
colony was used to grow an overnight culture after which 2 ml of overnight culture 
was used to inoculate 100 ml of fresh medium supplemented with antibiotics. The 
culture was grown in a shaking incubator at 37°C till it had reached - 0D 600 (usually 2-
3hrs) after which IPTG was added at a final concentration of 1 mM. Protein 
production was induced for 3 hours at 37 °C, after which the cells were harvested. 
The solubility of the recombinant proteins in binding buffer and binding buffer 
/ 6M urea was assessed by running samples on a SDS-polyacrylamide gel (see 
appendix 17) followed by Coomassie blue staining. Since all the recombinant proteins 
(except from the TYR-1 Cu-active sites) appeared to be soluble only in binding buffer 
supplemented with urea, these proteins were purified under denaturing conditions. As 
the recombinant proteins are expressed with a His-tag, the proteins could be affinity 
purified using chelating resins charged with Nickel ions. Both column 
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chromatochraphy (see appendix 16) and purification in microfuge tubes according 
Feng and Winkler ('95) (appendix 15) were applied. 
The insoluble pellets containing the recombinant Cu-active sites were 
homogenized and ran on SIDS-polyacrylamide gels. After staining the gel briefly, the 
recombinant protein was cut out the gel, transfered to dialysis tubing and electroeluted 
into 0.5X SDS-page buffer for 45 minutes at SO Volts. 
All purified proteins were dialyzed against PBS overnight with one or two 
changes of buffer. The purity and size of the recombinant proteins were determined by 
SDS-page. Antibodies were raised by subcutaneous immunisation in mice according 
the regime described in appendix 22. 
3. Results 
Because the predicted TYR- 1 and TYR-2 are very similar, antibodies were raised 
against different parts of the proteins, in order to be able to distinguish between TYR-1 
and TYR-2. The regions chosen are: the N-terminus of TYR-2 (very different from the 
N-terminus of TYR-1), the Cu-sites of TYR-1 and the SXC domains of both proteins. 
Primers used to amplify the coding sequences for the the Cu-sites of TYR-1, 
the SXC domains TYR- 1 and TYR-2 and the 5' end of TYR-2 with the PCR 
conditions are listed in table 9.1. A picture of a 15% SDS-page gel with all 
recombinant proteins is presented below (figure 9.1). The first lane shows the Cu-sites 
fragment of TYR-1 (unpurified), lane 2 gives the size markers (sizes are indicated at 
the right side of the picture), lane 3 and 4 show the SXC domains of TYR-2 and TYR-
1 respectively and lane 5 represents the 5' end of TYR-2. The minor bands in lane 5 
are thought to be degradation products from the recombinant protein. The predicted 
sizes of the recombinant proteins (including amino acids derived from the expression 
vectors) are: 50.5 kDa (Cu-sites TYR-1), 18 kDa (TYR-1.SXC), 16.5 kDa (TYR-
2.SXC) and 17 Wa (5' TYR-2). This corresponds fairly well to the sizes of the 
proteins on a 15% SDS-page gel. 
Antibodies against these recombinant proteins were raised in mice and tested 
for reactivity on western-blots. Several sera containing antibodies recognizing 
recombinant TYR-1.SXC, TYR-2.SXC and 5' TYR-2 have been obtained, the serum 
of the mouse immunized with Cu-sites 'fl'R-1 has not been tested due to lack of time. 
Antibodies raised against TYR-1.SXC were specific, antibodies raised against TYR-
2.SXC appeared to be cross-reactive with TYR 
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primers sequence target PCR cycles fragment 
Peti AnC7CGAGGTACATOCcX3ACITFAAUGC Adult 940 1:00 / 600 1:00/ tyr-) $ 
Pet4fl GrrCFCGAGOTFATCCACCFCrACACCAT RNA 720 2:00 (30x) Cu-sites 
Pet2 CAGCFCGAGAGACCAOCCACAACCCCAC Adult 940 1:00 / 600 1:00! iyr-1. 
Pet3B I TCGCI'cX3AGGATFATCGTcCATAATCAAGC RNA 1720 2:00 (30x) SXC 
NO AACAACFAAGAAAGGAGCrGTF Adult 940 0:30 / 600 0:30 I tyr-2 
Pet6 CATATGGATGGTATGCrGCr RNA 720 1:00 (30x) N-terminw 
Pet7 CrCcATCAAc+AToAcrccrC Adult 940 0:30 1600 0:30 / tyr-2. 
Pet8 	I TGAAGCATFGCGATrCFCI'C RNA 72° 1:00 (30x) SXC 
Table 9.1 PCR primers and conditions used to obtain the fragments of interest. Each 
PCR was preceeded by one cycle at 95 "for 5 minutes and finished with one cycle at 
72 *for 10 minutes. 
Fig 9.1. Recombinant proteins: lane I = Cu-sites TYR- 1; lane 2= size markers, lane 
3= TYR- 1 .SXC; lane 4= TYR-2.SXC: lane 5= 5T  TYR-2. 
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Fig. 9.2A. Western-blot showing serum reactivity with recombinant 5.TYR-2 and 
SXC.TYR- 1. lane]: ba/b/c negative control; lane 2: cba negative control; lane 3: no 
serum added; lane 4-8: serafromfive balbic mice immunized with recombinant 
5'.TYR-2; lane 9-13: sera from five cba mice immunized with recombinant 5'.TYR-2; 
Lane 14: serum from balblc mouse immunized with recombinant SXC.TYR- 1; lane 
15-17: sera from three balb/c mice immunized with recombinant SXC.TYR-2; lane 18: 
ba/b/c negative control; lane 19: no serum added. Fig. 9.2B. Western-blot showing 
serum reactivity with recombinant SXC.TYR-2. Lane 1-5: sera from five balb/c mice 
immunized with recombinant SXC. TYR-2; lane 6- 8: sera from three cba mice 
immunized with recombinant SXC. TYR-2; 9-13:serafromfive cba mice immunized 
with recombinant SXC.TYR1; lane 14: no serum added; lane 15: cba negative control. 
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4. Discussion 
All recombinant proteins produced appeared to be insoluble in binding buffer, and 
were therefore purified in the presence of 6M urea, except from the recombinant 
TYR- 1 .Cu-sites which was not soluble even in the presence of 6M urea and had to be 
electroeluted from gel slices. Antibodies were shown to be capable of recognizing the 
relevant recombinant proteins (see western-blots, figure 9.2A and B), reactivity with 
proteins derived from homogenized worms has still to be tested. TYR-1.SXC domain 
recognizing antibodies appeared to be specific, however cross-reactivity with 
TYR- 1 .SXC domains was found for antibodies raised against the recombinant 
TYR-2.SXC repeats. In the region to which TYR-1.SXC antibodies are raised, 
TYR-1 and TYR-2 show 32% identity. In the same region low identity (29%) is found 
with TYR-3 and TYR-4. The fact that TYR-2 lacks the last 35 amino acid residues of 
the region to which TYR-1.SXC antibodies were raised, may explain why those 
antibodies do not cross-react with TYR-2.SXC repeats. In the region recognized by 
TYR-2.SXC antibodies, high identities with TYR-3 (41%) and TYR-4 (37%) are 
found. These antibodies may therefore be more likely to be able to cross-react with 
TYR-3 and TYR-4 (and possibly with other nematode SXC containing proteins) than 
are TYR-1.SXC antibodies. 
Nematode tyrosinases 
1. Introduction 
* 1.1 Brugia malayi 
Lymphatic filariasis is a widespread tropical disease, estimated to affect at least 120 
million people worldwide (WHO, 1992; Ottesen and Ramachandran, 1995). Infected 
patients suffer from symptoms ranging from fever to gross enlargements of the limbs 
and/or genitals. The disease results from host inflammatory and immunological 
responses to the adult worms that are present in the lymphatics. Infective L3 larvae are 
transmitted by mosquitoes and migrate from the bloodstream to the lymphatics where 
they develop into microfilariae (ml) producing adults. The Li larvae are taken up by 
the mosquito during a bloodmeal. During two moults the larvae mature into infective 
13 larvae that can be reintroduced to the human host (Blaxter and Bird, 1996). Patients 
are commonly treated with diethylcarbamizine (DEC) and/or avermectin, but adults 
may persist after repeated drug treatment. Moreover the development of genetic 
resistance in the parasites is of growing concern. 
* 1.2 Meloidogynejavanica 
Meloidogynejavanica is a major contributors to losses to cash crops worldwide. 
Meloidogyne spp. are root-knot nematodes that can infect a great number of different 
plant hosts (Blaxter and Bird, 1996). Reproduction is parthenogenetic and females 
deposit eggs into a gelatinous matrix which is secreted by rectal gland cells. The 
embryo develops into ajuvenile that moults once in the egg. 1_2juveniles hatch in the 
soil under favourable conditions and invade the root using their stylet. Juveniles 
migrate between the cells to a place close to the stele where they establish a feeding 
site. The feeding site consists of giant cells that result from mitosis (without 
cytokinesis) induced by the nematode. After establishing a feeding site the nematode 
rapidly moults three times and matureg into an adult. The female remains attached to its 
feeding site until it dies (Dropkin, 1989; Blaxter and Bird, 1996). Most often, 
nematode feeding reduces the flow of water and nutrients into the plant, increasing the 
plant's susceptibility to other stress factors such as heat, water and nutritional 
deficiencies. Also, infection with Meloidogyne makes some plants more susceptible to 
infection with pathogenic fungi (Dropkin, 1989). Control of the parasites is threatened 
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by the de-registration of chemical nematicides for environmental or human health 
reasons (Blaxter and Bird, 1996). 
2. Methods 
Degenerate primers were designed against the conserved CuA- and CuB-site of iyr-1 
and t-yr-2, the only C. elegans tyrosinases then known.The sequences of the universal 
tyrosinase primers are: 
Utyrl (in CuA-site, amino acid sequence: PGFL(VIP)WH): 
CGCGGATCCN(GTA)(GC)ITT(CT)(CT)TI(GC)(CT)ITGGCA 
Utyr2 (in CuB-site, nested primer for Utyr3, amino acid sequence: 
W(M1I)GGDMKPP): CGCGGATCCGGN(GT)(CT)CATIT(GC)ICCICCIA(CT)C 
Utyr3 (in CuB-site, amino acid sequence: N(D/E)P(V/I)FFL): 
CGCGGATCCA(GTA)(ACG)(AC)A(QA)AAJAA(cr)JGGJTC(AG)TT 
Nucleotides between brackets represent one position in the oligo, I stands for inosine, 
a universal acceptor of A, C, G or T. 
PCRs were performed on genomic DNA according to the protocol decribed in 
appendix 20. Candidate tyrosinase fragments were gel-purified, cloned into pMOS and 
sequenced. The PCR program used to isolate the 5' end of a Brugia tyrosinase eDNA 
fragment can also be found in appendix 20. 
Multiple sequence alignments were performed with the GCG package available on the 
internet (GCG, Wisconsin, Madison) and refined by hand. Phylogenetic analysis were 
performed using neighbour joining methods and maximum parsimony algorithms 
implemented in PAUP 3. 1.1 (Swofford, 1993) and a prerelease version of PAUP 4. 
Statistical support for the derived trees was tested by bootstrap resampling and 
reanalysis with 100 or 200 replicates. 
3. Results 
Nematode cuticles are very similar in structure and are likely to be assembled in a 
comparable fashion. Tyrosinases are therefore expected to be universal to nematodes. 
Degenerate primers against the conserved Cu-sites of the then known C. elegans 
tyrosinases tyr-I and zyr-2 were used to amplify tyrosinase fragments from Brugia 
inalayi and Meloiciogyne javanica (see methods). The degenerate Utyr primers were 
used at low (first PCR program, appendix 20) and moderate (second PCR program, 
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appendix 20) stringency to amplify parts of putative tyrosinases from Brugia inalayi 
and Meloidogyne javanica gDNA. Control amplification of the C. elegans homologues 
from eDNA (tyr-1) and gDNA yielded bands of the expected sizes (fig. 10.1). As the 
degenerate primers were designed against the Cu-sites of tyr-] and tyr-2, only gDNA 
fragments of these genes could be amplified (see lane 5 & 6, fig. 10.1). Major bands 
still present when PCR was performed at moderate stringency were cloned into pMOS 
and sequenced from both ends. 
LUA 
Figure 10.1 PCR amplification of tyrosinase gene fragments from C. elegans and 
Brugia inalayi. m: 1kb ladder. Sizes are shown in kb; Lane 1 & 2: C. elegans tyr-i 
cDNA; lane 3 & 4. B. malayi gDNA; Lane 5 & 6: C. elegans gDNA. The odd lanes 
show bands obtained with Utyrl and Utyr2, even lanes show PCR products amplified 
with Uiyrl and Utyr3. Pink bands represent tyr-1, purple bands represent tyr-2 and 
the green band represents the putative tyrosinase fragment from B. malayi. 
* 3.1 Brugia malayi: 
None of the PCR products obtained with Utyrl and Utyr2 apparently represented 
coding DNA, in contrast the 1.1kb band amplified with Utyrl and Utyr3 showed 
strong similarity to the Cu-active sites of C. elegans tyrosinases. In fact the 1.1 kb 
band turned out to represent two different (though very similar) clones. The translated 
sequences are identical as the differences in nucleotides occur within introns. The 
sequences and predicted amino acid sequences are presented in figure 10.2. 
A cosmid library (kindly provided by Dr. Steve Williams) was screened by 
David Guiliano to obtain full length genomic sequence by probing with the gDNA 
fragment. No positives were detected, probably due to the fact that the library 
contained little Brugia DNA, as it was later shown to contain -95% endosymbiont 
(Wolbachia) DNA. PCR-screening of several Brugia cDNA libraries (ml, 13, L4, 
female, male and L3 at day 6 post-infection libraries kindly piovided by Dr. Al Scott 
and Dr. Steve Williams) did not yield tyrosinase cDNA clones. However, the 5' end of 
a putative Brugia tyrosinase (Bm-syr-1) was isolated by PCR with SL1 and bm2 
primers (see appendix 20), from cDNA prepared from day 6 post-infection animals. 
Day 6 post-infection is when Brugia nzalayi parasites moult from 13 to LA in the jerbil 
host. The translated sequence of the isolated cDNA fragment is given in figure 10.3. 
The cDNA clone confirmed the amino acid sequence predicted from the genomic DNA 
fragments. 
149 
Bm-tyr -1.1 1 GCGGATCCTTGGTTTTTGCTGTGGCAT CGT GAA flT TTA AAA CG 
Pm-tyr -1.2 GCGGATCCATGGTTTCTGGTGTGOCAC CGT GAA flT flA AAA CG 
R E F t K R 
Bm-tyr-1.1 45 g tat aattttaattaaaattatgaatgaaaataatgaatgqattttttaatao 
Bni-tyr-1.2 	g tat a attctaattaaaattatgaatgaaaataatgaatggattttttaaaatao 
* 
Bin-tyr-1.1 100 attaaagcttaaatgcagaatttcag 
Bm-tyr-1 .2 	attaaagcttaaatgcagaat t tca g 
Brn-tyr -1.i 126 A Tfl GAA An' GCA CTC COT CTA APT OAT CCA AAA GTA TCA nO 
Bm-t yr - i .2 	A Tfl GAA APT GCA CTC COT CTA Afl' GAT CCA AAA OTA TCA rIG 
F 2 I A L R L I D P K V S L 
Bin-tyr -1.1 169 CCA TAT TOG OAT TCC OTT ATA OAT CAA TAT rIG CCG OAT CC'S 
Bm-tyr -1.2 CCA TAT TOG 'SAT TCC OTT ATA OAT CAA TAT TI'S CCG GAT CCG 
P Y W D S V I D Q Y L P D P 
Bin- tyr -I .1 211 AGA GAT TCA OTT TIC flA GTe Cfl Afi TCA TAG GCG AAA CAG 
Bxn -tyr-1.2 AGA GAP TCA Gfl TIC TIA GTC Cfl ATI TCA TAG GCG AAA CA'S 
R D S V F F S P Y F I G E T 
Bm-tyr -1.I 253 ACG TGA TAT GOT AAC GTA GTG ACC GOA CC'S rrr GCT TAT TOG 
Bm-tyr-1 .2 ACG TGA TAT GOT AAC GTA 'ST'S ACC GGA CC'S fiT OCT TAT TOG 
D 0 Y 'S N V V P G P F A Y W 
Bra-tyr -1.1 295 AGT ACA ATC GAT GOT AGA ACA OCT Afl CTC CG 
.Bm-tyr-1 .2 	AGT ACA Alt OAT GOT AGA ACA OCT APT CTC CO 
S T I D 0 R T A I L R 
&n-tyr-1.1 327 gtagaaatagcaatcjttttattaagcaattaatta ~ttt~ttcccattcatt aa  
Bm-tyr-1.2 	gt age aatagcaatgttttcttaaaoaattaattaaatttaatttcoattcatt 
* 	 * 
Bin-tyr- I .1 383 ttttatttttaatttccttaagaatttgcaataattccatttt-ttgtttaattgtg 
Bzn-tyr-1.2 	ttttatttttaatttcotteagaatttgaaagaatttcattttttgtttaattgtg 
* 	* 
Bn-tyr-1 . 1 439 catttattaatttcaaatttgaaaatctaaaatcaattttttttt__aaatttt 
Bm-tyr-1.2 	catttattaatttcaaatttgaaaatctaaaattaatttttttttttaaatataaa 
* 	** 
Bm-tyr-1.1 496 ttagaaaaattcgaaaattttag 
Bm-tyr-1 .2 	ttagaaaaattcgaaaattttag 
Bm-tyr -1.1 519 A GCA en GOT GAA AAG GOA AAA TTA Tfl AC'S GAA TAT OAT APT 
Bm- tyr -1.2 	A GCA CTT GOT GAA AAG GGA AAA flA fiT AC'S GAA TAT GAT Afi 
A I. G E K G K L F T 2 Y D I 
Bm-tyr-1. 1 562 APT 'SAT Alt ATA TCA CAA 'SPA TCA OPT GAA CAA OTT  AT'S OCT 
Bm-tyr-1.2 Afl OAT ATC ATA TCA CAA 'SPA TCA GTT GAA CAA Gfl AT'S GCT 
I D I I S Q V S V 2 Q V M A 
Brn- tyr--i.i 604 TAC ACT GCA CCA PTA AAT G 
Bm-tyr -1.2 	TAC ACT OCA CCA flA AAT G 
Y T A P L N 
Bm-tyr-1 .1 623 gtatgcttaaagcttttcaaatagatcaatcatacatttattttgattttaga 
Bm-tyr-1.2 	gt at gcttaaagcttttcaaatagatcaatcatacatttattttgattaaattaga 
Bm-tyr- I .1 679 atttaaaataaataaflaatgaaaeataattaaatttattactttttcaatt 
Brn-tyr-1.2 	atttaaaataaataaqtaatggaaaataattaaatttattacttataattcaatt 
* 
B.ra_tyr_i .1 736 gttagattgaatctctgtaatttaatcaaaaaaaaaagtataattatttaflag 
&n-tyr- 1.2 	gttaggttaaatctctataatttaatcaaaaaa-gtatattatttagag 
* * 	* 	 * 
Em-tyr-1.1 793 tttaacaaaaaaaaaaaaaatttttttctgattccttaatttgctattttcatca 
Bin-tyr-1.2 	tttaacaaaaaaagaaaaaatttttttotgattccttaatttgctataatttoatca 
* 
Bm-tyr-1.1 850 ataattaattcaataaatgaattaattaatcaataaaatatattattgaattttttt 
Bm-tyr-1.2 	ataattaattcaataaatgaattaattaatcaataaaatatattattgaattttttt 
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Bin-tyr-1.1 907 totttttttttagctgaaattcaatgatttaaaaataaaaatttttactaaatca 
Em-tyr-1.2 	t---tttttttagctgaaattoaatgatttaaaaatgaaaatttttactaaaaatta 
* 	 * 
BM.-tyr-1.1 964 ttttatatcattgattttttttaaagtattttagttaaaatttattgtaaoatttag 
an-tyr-1.2 	ttttatatcattgattttttttaaagtattttagttaaaatttattgtaacatttag 
BM-tyr-1.1 1021 ttattgaattttttctttttctttagtttttccttttgoaaatttcatttattttat 
Bm-tyr-1.2 	ttattgaattttttattttttcttaqtttttccttttgcaaatttcatttattttat 
** 
Bjn-tyr-1.1 1078 aaaaattttaaatgtaaaattaatattattaacattttag 
BM-tyr-1.2 	aaaaattttaaatgtaaaattaattttattaoaat t t tag 
* 
Bzn-tyr-1.i 1118 AT TGT CCA TAT CCA CCA GCA TTT TCT GCT Afl GAA TAT ACA 
Bin-tyr-1.2 	AT TGT CCA TAT CCA CCA GCA Tfl TCT GCT Afl GAA TAT ACA 
D C P y p p A F $ A I E Y T 
Bm-tyr-1.1 1159 CAT TCA ITT GTT CAT Cr1? TGG ATT GGT GGA CAT ATG GAA CCA 
BM-tyr-1.2 	CAT TCA Tfl Cr1 CAT CTI? TCG ArT GGT GGA CAT ATG GAA CCA 
H S F V H L W I G G H N H P 
BM-tyr-1.i 1201 OCT GAG CAA TCC TCA AATGACCCCGTCTTCTGCATGGATCCGCG 
&n-tyr-1.2 OCT GAG CAA TCC TCA AACGACCCCATCTTCTTGATGGATCCGCG 
P E Q S S 
Figure 10.2 Nucleotide and predicted amino acid sequences of two clones encoding a 
Brugia tyrosinase fragment (Bm-tyr-1). Asterices indicate differences in nucleotides 
between the clones. Splice sites and primer sequences are in bold. 
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1 GGTTTAGTTACCCAAOTTTGAGAAGAA 
28 ATO AAA flA Tfl TGC TGC Afi MA ACA AM flA '1?!' TTT OTA ACA rn GOT 
N K L F C C I S T I L F F V T F 0 
51 CM OAA CCA ACA fiT ATO CM MT TOT OAT GAA GCA CCA ACA CCG GM GCA 
Q E P T F M Q N C D E A P T P E A 
102 AGO CAT OTT TOT flA AGO flA CAG CAA ATG GCT COT AAT TCA AGO COT GM 
R H V C L T L Q Q M A R N S R R E 
153 ATO ACA ACA AAT CAA ATA ACT CPA CCA TCA CCG CCC GCA TTP Cr2 CAA CCA 
M T T N Q I T L P S p p A F L Q P 
204 GCG CCA CTG CAT CCA TAT GCA CGA GOT CAA GTG GCT AGT CAT CCT TAT CAT 
A P L D P 1! A R 0 Q V A S H P Y 
255 TOT ATG ACG GTC ACC TOC TTA TOT CCA 'iTT fiT CAG GOT TCA ATA GGA CCT 
C N P V T C L C P F F Q G S I 0 P 
306 CGA AAT CM TOT ATA TTA CCO OAT GOT CAA Cfl TTA ACA ATG GCA TAC COT 
R N Q C I L P D 0 Q L L T N A Y R 
357 AAG GM TAT CGA ATG Cfl ACC GAA CAT GM COT TTO AGA TTT Tfl AAT GCG 
K E Y R N L T E D E R L H F F N A 
408 ATO GCA ATA fiG MA CAA AOT OGC GAA TAT GAC COT ATO AGT TAT GAO CAT 
M A I L K Q S 0 E Y D H N S Y B H 
459 CAO fiG GTA GOT CAG GGA AGT GOT GCA CAT TCA GGA CCC GOT TTT flA CCA 
Q L 	G Q 0 S G A H S 0 P G F L P 
510 TGG CAP COT GM fiT lfl AAA CGA Tfl GM An GCA CTC COT CTA Afi OAT 
W H H E F L KR F B I AL H L I D 
561 CCA AM GTA TCA fiG CCA TAT TOG GAT TCC Gfl ATA OAT CM TAT TTG CCG 
P K V S L P Y W D S V I D 0 Y L P 
612 CAT CCG ACA OAT TCA On TTC fiT AGT CCT TAT flC ATA GOT GAA ACA GAC 
I) P H D S V F F S p Y F I 0 B T D 
663 GGA TAT GOT MC GTA GTG ACC GGA CCG ITT GeT TAT TGG AGT ACA ATC CAT 
O Y 0 N V V T C P F A Y W S T I D 
714 GOT AGA ACA GCT Afl CTC CCA GCA Cr2 GOT GM MG OGA AM flA fiT ACG 
O H P A I L H A L (3 B K (3 K L F T 
765 GM TAT OAT Afi Afi OAT ATC ATA TCA CAA GTA 'rCA On GM CAA On ATO 
B Y D I I D I I S 0 V S V B 0 V N 
816 GCT TAC ACT GCA CCA TEA MT CAT TOT CCA TAT CCA CCA GCA fiT TCT GCT 
A Y T A P L N 1) C P y p p A F S A 
867 Afi GM TAT ACA CAT PCA Tn' Ofi CAT Cfl TGGATTGGTGGACATATGGA 
I B Y T H S F V H L 
Figure 10.35' end of a Brugia tyrosinase cDNA clone (Bm-tyr-1) and conceptual 
translation. The SLJ sequence, conserved histidine residues in the CuA -site and the 
brn2 primer sequence are in bold. The underlined sequence corresponds to and 
confirms the protein predictedfrom the gDNA fragment. 
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* 3.2 Meloidogynejavanica 
A band obtained with Utyrl and Utyr2 and a band obtained with Utyrl and Utyr3 at 
moderate stringency were both shown to encode for the Cu-sites of putative 
tyrosinases. Clone Mj 1 (843 base pairs), Al] 5 (833 base pairs), Al] 7 (821 base pairs) 
and Mj 9 (833 base pairs) were obtained with Utyrl and Utyr2 primers. Clones Al] 18 
(943 base pairs) and Mj 32 (902 base pairs) were isolated with Utyrl and Utyr3 
primers. A third clone obtained with Utyrl and Utyr3 (Al] 19) was nearly identical to 
clone Al) 32 but contained a premature stop codon, presumably due to a PCR error. 
The sequences and predicted amino acid sequences of the Meloidogyne tyrosinase 
fragments are given in figure 10,4. 
As with the Brugia tyrosinase fragments, nucleotide differences in the 
Ivleloidogyne tyrosinase clones are concentrated within the introns and their predicted 
amino acid sequences are very similar. The six clones represent 3 genes: clone 1, 5 and 
9 are clones of mj-iyr-1 , clone 7 and 32 are clones of rnj-tyr-2 and clone 18 is Mj-tyr-
3. The few differences between clone 1, Sand 9 and clone 7 and 32 are presumed to 
be PCR artefacts. The predicted translations of Mj-tyr-1 and Mj-tyr-2 differ only by 2 
amino acids. Clone Al] 1 contains two unusual splice sites (PCR artefacts?) which are 
underlined in figure 10.4. Because clone M] 18 appeared to be very different from the 
other Meloidogyne tyrosinase clones it is presented seperately in figure 10.5. 
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Mj clone 9 1 C GCGGATCCGAGGATTCTGCCGTGGCAT AGA GAA 'fl'T An AAA 
Mj clone 5 C GCGGATCCATCGTTCTTGCCQTGGCP.p AGA GAA 'ITT Afl AAA 
Mj clone 1 A TTGGATACAGCGTTTTTOCTGTGGCAT AGA GAA ITT Afl AAA 
Mj clone 7 C GCGGATCCGGCGTTTTTGCTGTGGCAT AGA GAA flT Afl AAA 
Mj alone 32 CGCGGATCCAGCTTCTTGGCGTGGCAT AGA GAA Tn ArT AAA 
R B F I K 
Mj clone 9 44 AGA ATG GAA ArT OCT flA CGT flA ArT GAC CCA ACA GTA 
Mj clone 5 	AGA ATG GAA ATT OCT TTA COT flA APT GAC CCA ACA GTA 
Mj clone 1 AGA ATG GAA Afl GCT T1'A CGT flA APT GAC CCA ACA GTA 
Mj clone 7 	AGA APG GAA Afi OCT PTA CGT PTA Afl GAC CCA ACA GTA 
Mj clone 32 AGA ATG GAA Afl OCT flA COT PTA An GAC CCA ACA OTA 
R N B I A L R L I D P T V 
Mj clone 9 83 OCT en CCA TAT TOG OAT TCT G 
Mj clone 5 	OCT Cfl CCA TAT TOG OAT TCT 0 
Mj clone 1 OCT Cfl CCA TAT TOG OAT TCT G 
Mj clone 7 	OCT CTT CCA TAT TOG OAT TCT G 
Mj clone 32 OCT Cr1 CCA TAT TOG OAT TCT G 
A L P Y 14 D S 
Mi clone 9 105 gtaaaattaattttttgaaggagaaaatattttattttaaaaag 
Mj clone 5 	gtaaaattaattttttggaggagaaaatattttattttaaaaag 
Nj clone 1 gtaaaattaattttttgaaggagaaaatattttattttaaaapp 
Nj alone 7 	gtaaaattaattttttgaaggagaaaatattttattttaaaaag 
Nj clone 32 gtaaaattaattttttgaaggagaaaatattttattttaaaaag 
* 	 * 
Nj clone 9 149 n CTC OAT Gfl TAT VTA CCC GAT CCA AGO OAT TCT APT AVT 
Nj clone S 	n CTC GAT Gfl TAT flA CCC OAT CCA AGO GAT 'ItT Afi An 
Nj alone 1 fl CTC OAT Gfl TAT PTA CCC GAP CCA AGO OAT TCT OTT Afl 
Nj alone 7 	PT CTC OAT Gfl TAT flA CCC OAT CCA AGO OAT TCA Afl Afi 
Nj clone 32 n CTC OAT OTT TAT PTA CCC OAT CCA AOG OAT TCA An APT 
* * 
V L 0 V I I.. P 0 P R 0 SIN I 
Nj clone 9 190 'ITT TCT CCT flA fiT OCT 000 GAG An OAT ATG AAT GOA ITT 
Nj alone 5 	Tfl TCT CCT PTA ITT OCT 000 GAG ATT OAT ATO AAT OGA Tn 
Nj clone 1 'ITT TCT COT PTA ITT OCT 000 GAG ATT OAT ATO AAT GOA 'ITT 
Nj clone 7 	ITT TCT CCT flA PIT OCT GOG GAO APT OAT ATG AAT OGA Tfl 
Nj clone 32 ITT TCT CCT nA ITT OCT 000 GAG APT OAT ATO AAT OGA 'ITT 
F S P L F A G B I 0 N N 0 F 
Nj clone 9 232 GTG GT'T AAT OGA CCT ITT OCA PIT TOO AAT ACA APT GAG OGA 
Nj clone S 	OTO OPT AAT GOA CCT ITT GCA ITT TOG PAT ACA APT GAG OGA 
Nj alone 1 GTO On AAT GGA CCT ITT GCA PIT TOG PAT ACA APT GAG GOA 
Nj clone 7 	GTG On AAT OGA CCT ITT GCA ITT TOO PAT ACA APT GAG AAA 
Nj alone 32 GTG On AAT GGA CCT Tfl OCA ITT TOG AAT ACA Afi GAO GGA 
** 
V V N 0 P F A F W N T I E 0/K 
Nj clone 9 274 AGO AAT ACT Afi TOO AG 
Nj clone 5 	AGO AAT ACT Afl TOG AG 
Nj clone l AGOAAT ACT APTTGOAG 
Nj clone 7 	AGGAAT ACT ATTTOOAG 
Nj clone 32 AGO AAT ACT Afi TOG AG 
R N P I W R 
Nj alone 9 291 g t aa t taaqtaaatatttaaattaaaaactctatctataatatacaatttttgta 
Nj clone 5 	g t aa t taagtaaatatttaaattaaaaaatatctctataatataoaatttttgta 
Nj clone 1 gt a a ttaagtaaatatttaaattaaaaaatatctctataatataaaatttttgta 
Nj clone 7 	a a ttaaataaatatttaaattaaaaactctctctataatatao--tttttgtt 
Nj clone 32 gt aa t taaataaatatttaaattaaaaactctctatataatataa--tttttgtt 
* 	 ** 	* 
IM] 
Mj clone 9 346 gtcgttaatatttttaattttggtgaactaaagagaaattttatcattttataaga 
Mj clone 5 gtcgttaatatttttaattttggtgaactaaagagaaattttatcattttataaga 
Mj clone 1 gtcgttaatatttttaattttgqtgaactaaagagaaattttatcattttataaga 
Mj clone 7 tccgtgattatttttaattattaggaaataaagagaaattttatcgttcttaga-- 
Mj clone 32 tccgtgattatttttaattattaggaaataaagagaaattttatcgttcttaga-- 
** 	* * 	* *** 	* 	 * 	* *** ** 
Mj clone 9 402 tacttttaatcataaaattccaattatgtctataaaactttgtttttatttcacca 
Mj clone 5 tacttttaatcataaaattccaattatgtctataaaactttgtttttatttoacoa 
Nj clone 1 tacttttaatcataaaattccaattatgtctataaaactttgtttttatttcacca 
Mi clone 7 ---cctctataagatacttttaatcacaaaattccaa--ttccttttatttcacta 
Nj clone 32 ---cctctataagatacttttaatcacaaaattccaa--ttccttttatttcacta 
***** ** 	*** * 	** 	********* 	** 	** 	 * 
Nj clone 9 458 tattttttatttaaaag 
Nj clone 5 tattttttatttaaaag 
Nj clone 1 tattttttatttppapp 
Nj clone 7 tattttctgtttaaaag 
Nj clone 32 tattttctgtttaaaag 
** 	* 
Nj clone 9 475 G ACA CTT TCT Ga GAG GGT GGT CPA TTC AAT GAA GGT ATG 
Nj clone 5 G ACA CTT TCT GGA GAG GGT GGT CPA TTC AAT GM GGT ATG 
Nj clone 1 G ACA Cfl TCT Ga GAG GGT GGT CTA TTC AAT GAA GGT ATG 
Nj clone 7 G ACA Crr TCT Ga GAG GGT GGT CTA flC AAT GAA GGT ATG 
Nj clone 32 G ACA Cfl TCT GGA GAG GGT GGT CTA flC AAT GAA GGP ATG 
T 	L 	S 	G 	E 	G 	G 	L 	F 	N 	E 	G 	N 
Mjclone 9 S15TACATATACATCTTTTCCCrPAAT TAT CAA CTT TAT T'1'Tr 
NJ clone S TAC ATA TAC ATC Ta TCC Cr1 AAT TAT CM Cr1 TAT PIT PIT 
Nj clone 1 TAC ATA TAC ATC PIT TCC Cr1 AAT TAT CAA CTC TAT PIT 'III 
Nj clone 7 TAC ATA GAC AAT ITT TCC Cr1 AAT TAT CAA Cr1 TAT ITT ITT 
Nj clone 32 TAC ATA GAC MT PIT TCC Cr1 MT TAT CAA CTT TAT PIP ITT 
* 	** 	 * 
Y 	IY/DI/NF 	S 	L 	N 	Y 	Q 	L 	Y 	F 	F 
Nj clone 9 557 AAT AM GGT CAA rIA TCT TCT 
Nj clone 5 AAT AM GGP CAA PTA TCT TCT 
Nj clone 1 AAT AM GGT CM PTA TCT Ta 
Nj clone 7 AAT AAA GGT CM TTG TCT Ta 
Nj clone 32 AAT AM GGT CAA PIG TCT TCT 
* 
N 	K 	G 	Q 	L 	S 	$ 
Nj clone 9 578 gtage caacgaaccaaatatagaacatgtaatatacaatattttttaatttctaa 
Nj clone 5 yt age caacgaaccaaatatagaacatçtaatatacaatattttttaatttctaa 
Nj clone 1 g t agccaacgaaccaaatatagaacatgtaatatacaatattttttaatttctaa 
Nj clone 7 gt ggccaatgaaccaaatatagaacatgtaatcttaaatatttttcaatttttga 
Nj clone 32 g tggc eaatgaaccaaatatagaacatgtaatcttaaatatttttcaatttttga 
* 	* 	 *** 	* 	* * 
Nj clone 9 633 atttaaatttatttag 
Nj clone 5 atttaaatttatttag 
Nj clone 1 atttaaatttatttag 
Nj clone 7 att---atttatttag 
Nj clone 32 att --- atttatttag 
*** 
Nj clone 9 649 GTC CTC TCA TAT ACA GTC CCA CTC GCA Ga TGT CCA ATA CCC 
Nj clone 5 	GTC CTC TCA TAT ACA GTC CCA CTC GCA GGA TGT CCA ATA CCC 
Nj clone 1 GTC CTC TCA TAT ACA GTC CCA CTC GCA Ga TGT CCA ATA CCC 
Nj clone 7 	GTC CTC TCA TAT ACA GTC Ca CTC GCA GGG TGT CCA ATA CCC 
Nj clone 32 GTC CTC TCA TAT ACA GTC CCT CTC GCA GGG TGT CCA ATA CCC 
* 	* 
V L S Y T V P L A G C P I P 
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Mj clone 9 691 GTh AAC flC AAT GCT TTG GAA MC TCC CAT TCA AAT ATA 
Mj clone 5 	GTA AAC TTC AAT GCT T1'G GAA TAC TCC CAT TCA AAT ATA 
Mj clone 1 GTA AAC flC AAT GCT flG GAA TAC TCC CAT TCA aT ATA 
Mj clone 7 	GTA AAC flC aT GCT flG Ga TAC TCC CAT TCA AAT ATA 
Mj clone 32 GTA AAC flC AAT GeT flG Ga TAC TCC CAT TCA aT ATA 
V N F N A L E Y S H S N I 
Mj clone 9 730 gtgc t gaaaataatttcttaaattaattttaaaagaaaaaaaatttatttttaac 
Mj clone S 	gtgc tgaaaataattttttaaattaattttaaaagaaaaaaaatttatttttaac 
Mj clone 1 g t gc tgaaaataattttttaaattaattttaaaagaaaaaaaatttatttttaac 
Mj clone 7 	g t gc t gaaaataattttttaaattaattttaaaagaaaaaaaatttatttttaaa 
Mj clone 32 gtgc t gaaaataattttttaaattaattttaaaagaaaaaaaatttatttttaaa 
* 	 * 
Mj clone 9 785 tatttttcag 
Mj clone S 	tattttteag 
Mj clone 1 tatttttcag 
Nj clone 7 	tatttttcag 
Nj clone 32 tatttttcag 
Nj clone 9 795 CAT fl'T TGGATCGGCGGCGACATGGACCCGGATCCGCG 
Nj clone 5 CAT TTT TGGGTCGGCGGCCACATGAATCCGGATCCGCG 
Nj clone 1 CAT flT TGGOTCGGCGGCCACATGAACCCGGATCCGCG 
Nj clone 7 CAT T1'T TGGATCGGCGGCGACATGGCCCCGGATCCGCG 
Nj clone 32 CAT T1'T TCG GTA GGC GGC CAT ATG AGG 
H 	F 	W 	V 	G 	G 	D 	14 	R 
Nj clone 32 833 gtatetttttaaattaaaattattttcttaaaaataaattaaaaag 
Nj clone 32 879 GTG CCA GAA ACA TCA GCA AATGACCCCGTCTTTTGTTGGATCCGCG 
V P E P S A 
Figure 10.4 Meloidogyne javanica tyrosinasefragements isolated with universal 
nematode tyrosinase primers. Asterices indicate where the clones differ in nucleotide 
sequence. The splice sites and primer sequences are in bold. Unusual splice sites in 
clone mj 1 are underlined. 
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I CGCGGATCCAGGGTTTCTGTGTGGCA T AGA GAA Tfl Afl AAA AGA flT GAA flC 
R B F I K 1k F B F 
55 TOG On AAA AAA Gil? OAT CCA AGO ATA TCA Cfl OCT TAT TGG GAT TCA ACA 
L K K V I) P 1k I 	S 	L P Y W 1) S T 
106 TTG OAT GGA GTA rIG CCA ACT CCA AAA GAT TOT ArI ATG rIC TCT AAT GAA 
L D G V L p T P K D S I M F S N E 
157 GTAT T TTCArrrGTAGornGArrrrrcArI'rrArrACmtTCGGAiTncATArrrAAAoATGTAcAT 
229 AGAATCTATIAAArIAATCAGItACACAGATAATGC PsAAAaTACTGGCACGATCATTTAAATTArFn TTTAG 
294 Tfl ATG GGA ACA ACA GAP AM' COG 000 AGT CrI Afl AGA COG GM' TTT GOT 
F H C T T D N A G S L I 1k 0 D F A 
345 OGA TGG OGA ACO OTT ACT GCA A 
G W 1k T L T A 
367 GTCTATTCAGATATAAAACT'TACCGTTFTGTAGGGAAGAG 
407 CA AAC ArI CTT COG CAT GTA GGT OCA GGA GGA PAT TOT T1T CGT CPA AGA GA 
Q N I L 1k H V C A 0 0 N C F 1k B 1k 0 
459 OT TAGTAiflATTATTAAGTGTTTGAGCITATCAAAATTCGTACTTTTACCTGTCTACGAGTATAAGP.A 
532 APAAflTCGCTAPGGATATGAGGAAAAATAATGTCTGTAIGATPATOGAGTACGAGCAAArFFTAAATFFTCAAACAC 
610 TI'TCATTCAAGTCATTIAAAATTTTCATAATTATT TAAG 
649 c APT CPA TOG CTT ATG AAA CAA AAT AAA Afl GAO rIG 
I Q W L M K Q N K I 0 L 
686 GT TCTAGGTTATCCTTCTCCTCGTCAAGnAGTTATMaTCAATTPTTTWAPATCTCCrTGATTGAG 
755 GOT TOT ACC GOT COA AGT AGT Tn CAT ACT TTG GAG 
C C P A P S S F 0 T L B 
791 GTAAACArITAACAATTAATTATAGTAA.AnflAATC1%A.ATTTAG 
841 TAT ACG CAC AM' GOT APT CAT ACA flT GTO GOT GOT CAT ATO GAO CPA ATO 
Y T H N A I H T F V 0 G 0 H D B M 
892 AAA CAT TCG COG AACGACCCCATCTTTTTCTTGGATCCGCG 
K D S A 
Figure 10.5 Nucleodite and amico acid sequences of clone mj 18, a putative 
tyrosinase. Splice sites and primer sequences are in bold. 
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An alignment of the Cu-active sites of the nematode tyrosinases currently known is 
given in figure 10.6. Protein sequences for the Meloidogyne tyrosinases are deduced 
from the gDNA sequences and have not yet been confirmed by sequencing of eDNA. 
Both the Cu-sites of Brugia and Meloidogyne tyrosinases are predicted to contain 
many more introns than their C. elegans homologs. The conserved intron of Ce-tyr-1, 
Ce-Iyr-2 (phase 1) and Ce-tyr-3 (phase 0) is also present in Bm-!yr-I (phase 1), and in 
Mj-tyr-3 (phase 0). An additional (predicted) conserved intron is found in Bm-tyr-1 
and Mj-tyr-1 and Mj-tyr-2 (all phase 2 introns). 
Phylogenetic analysis of aligned tyrosinase sequences revealed that the 
nematode tyrosinases form a subfamily distinct from vertebrate and streptomyces 
tyrosinases. The alignment used to construct a phylogenetic tree is given in Figure 
10.7. Figure 10.8 shows the phylogenetic tree obtained using neighbourjoining 
methods. Bootstrap values are indicated above the branches. The division in three 
tyrosinase subfamilies (vertebrate, nematode and streptomyces) is supported 
statistically (100% bootstrap values). Within the nematode dade the Meloidogyne 
tyrosinases (apart from Mj-TYR-3) are grouped together. According to this tree C. 
elegans TYR-3 and TYR-4 fall into one group and C. elegans TYR-1 and TYR-2 fall 
into another together with the Brugia and Meloidngyne tyrosinases. The division of the 
C. elegans tyrosinases into two groups was already apparent from the gene structures 
and intron positions (see Chapter 3 & 4). Not all branches in the nematode dade are 




























HREYMRRNE IALRMIDPGI S?4PYWDS VLESYLPDPRDS IMFGPQFMGMTDAS 
HREYLKRVEIALRMVDPTVFIPYWDSVMDSYLPDPRDS IMFSDLFVGGTDYY 
HREFVKRNEFLIRdVDPSLHLPYWDSSLOQNLPD$KDS IIIWTNEFMG. . DAN 
RREFVKRVEFALRQVDPTVNLPYWDSTLDSRLPRPADTI?4FDYLMGST... 
GFVVNGPFAFWNTIEGRNTIWWPLSGEGGLFNEGZ4YIDNFSLNYQLYFFNRG 
GSLIRGDFAGWRTLTI4. QNILRHV ...... GAGGNCFRERJJIQW. . LMKQNK 
GNWTGPFAYWSTIDGRTAIL14AL ...... GEKGKLFTEYDIID. . IISQVS 
GQLVSGPFAGFRPLEGRPNIIRRH ...... ATEGRMFTEQNINN. . LMAQND 
GNVVTGPFAYWRTIEGRSflLRI1L ...... GAEGQLFNENQVNT. . IVAQNt 
GEVNNGPFRSWKTVthJKPAITRhV ...... GAQGKGYSEDEINT. . NLGQTD 
GLVNDGPFTNWRTLAGRAQ ILRAV ...... GAQGAPLSQNDI DE. . VMRQTQ 
IDLVLGY. PsPRqc3cTArssFDTLwrHNAxHTFvGGDMDEMxDsA 
VEQVMAY. TAPLNbCPYPPAFSAIEYTRSFVHLWIGGHNEPPEQS 
LVSVZ4AF . TAPQGhCPFRPYFGALEYTHASI HLWMGGDMKPPSTSAN 
IENThAY. TAPQPhCPYPNNYGAIEYSHSNI RLWIGGDMKPPSTSAN 
IAQVLAF . SAPQRbCPYQPNFNVPEYTHGNPHIYVGGDNLETSTAAI4 
IDQVLSF . TAPQQGCPYRTDFNCLEYTHGNVHIFVGGDMFDTATSSN 
Figure 10.6 Alignment of Cu-site fragments ofputative nematode tyrosinases. Vertical 
bars indicate the positions of introns. 
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human_TYR HRLFLLRWEQEIQICLTGDENFTIpYWDWRDAEIc . CDICTDEYNGGQHPTNPNLLSPASFFSSWQI 
mouse-TIE HRLFLLLWEQEIRELTGDENfl'VPyWDWRDAEN . CDICTDEYLGGREPENPNLLIPASFFSSWQI 
chicken TYR HRAaLLWEREIQKITGDENFTIPYWDWRDAED . CVICTDEYMGGQHPTNPNLLSPASFFSSWQV 
frog-TIE HRFYLLLWEREIQKVTGDDNFTIPFWDWRDAQQ . CELCTDEFFGGTHPTSNNLLSPASFFSSWQI 
fish TIE HRVYLLHWEQEIRKITGDFNFTIPYWDWRDAQS . CEVCTDNLMGGENALNPNLISPASVFSSWKV 
mouse_TEP_2 HRYHLLWLERELQELTGNESflLPY%qNFATGXNEcOVCTDDWLGAARQDDpTLISRNSRFSTWEI 




goldfish _TRP_1 }IRYHLLQLEBDMQVNLGDPSFaPYWDFATGGSECDICTDEIJ4G?,RSSSDSSSISSNSIFSRWRV 
Strep_anti_TIE HRRFLLEFERALQSV. . DASVM2YWDWSID ... RSTRSS . LWA ......PDFLGGTGRSPDGQV 
Strep_glau_TYR HRRYLLEFERALQSV. . DASVALPYWDWSAD. . . RTRAS • LWA ...... PDFLGGTGRSLDGRV 
Strep_linc_TYR HRRFLLEFERALQSV. . DASVALPYWDWSTD.. • RSARSS . LWA ...... PDFLGGTGRSENGRV 
Strep_albu_TYR HBRFLLDFEQALQSV. • DSSVALPYWDWSTD. . . RTVRAS • LWA ...... PDFLGGTGRSSDGRV 
C_e1egans_TYR_2 HREYL1VEIALRMV. • DPTVFIPYWDSVMDSYLPDPRDSIS ...... DLFVGGT. . DYYGNV 
C_ale gans_TYR_1 H EY4EIALR14I. . DPGISNPYWDSVLESYLPDPRDSINFG ...... PQFMGMT. . DASGQL 
C_ale gans_riR_3 HREFV1NEFLIRQV. . DPSLHLPYWDSSLDQNLPDSICSILWT ...... NEn4G.... DANGEV 
C_ale gana_TYR_4 HREFVKRVEFALRQV. . DPTVNLPYWDSTLDSRLPRPADTIMFS ......DYLMG ..... STGLV 
Brug'ia_flR_1 HREFLKRFEIALRLI. . DPKVSLPYWDSVIDQYLPDPRDSVFFS ...... PYFIGET. • DGYGNV 
M_javanica_TYR3 HREFIKRFEFSLKKV. . DPRISLPYWDSTIJDGVLPTPKDSII4FS ...... NEFMGfl. .DNAGSL 
M_javanica_TYR1 HREFIKRMEIALRLI. . DPTVALPYWDSVLDVYLPDPRDSIIFS ...... PIFAGEI. . DNNGFV 
M_javanica_TYR2 HREFIKRMEIALRLI..DPTVALPYWDSVLDVYLPDPRDSIIFS ...... PLFAGEI. • DNNGFV 
human_TYR VCSRLEEYNSHQSLCNGTPEGP. . LRRNP . GNIWKSRTPRLPSSADVEFCLSLTQYESGSNDKAI 
mouse TIE ICSRSEEYNSHQVLCDGTPEGP. . IflNP . GN1DKPXTPRLPSSADVEFCLSLTQYESGSMDRTh 
chicken - TYR ICTQSEEYNSQQALCNATSEGP. . ThEN?. GNNDRSRTPRLPSSSEVEFCLTLTQYESGSMDKMI 
frog_IE ICSRPEEYNSLRIICNGTNEG?. . LLRSP • GRHDRNRTPRLPTSIWVEACLSLTOYETGAI4DRSA 
fish TIE ICTQQEEYNNQEaCNATAEGP. . LIflW • GNHDPNRVPRIPTThDVEF2ISLPEYETGS?RTh 
mouse_TRP2 VCDSLDDYNREVTWNGTYEGL. . LRRNKVGRNN. . . . ETCPTLRNVQDCLSLQKFDSPPFFQNS 
humanTBp2 VCDSLDDYNHLVTLGNGTYEGL. . LRRNQMGRNS. . . .?JPTLIOIRDCLSLQKFDN?PFFQNS 
mouseTRPl VCESLEEYDTLGTLcNSTEGGP. . IERNPAGNVGRPAVQRLPEPQDVTQCLEVRVFDTPPFYSNS 
humanTRpl VCDSLEDYDTLGTLcNSTEDGP. . IPBN?AGNVARPMVQRLPEPQDVAQCLEVGLFDTPPFYSNS 
axolotlTRpl LCESLEGYDTLGTIcNSTEGGP. . IRR1?GGNVARPMVQBLPEPQDVALC1LEVGLFDtP?FYSNS 
goldfish_THE_i ICESVEEYDTLGTICNSSESSP. . IRRNPAGNTARPMVQRLPEPQDVEACLELT?FDSPPFYSTS 
Strep_anti_IE T NDGPFAASAGNWP1. NVRVDGRTFLRRAL • GAG .... VSELPTRAEVDSVLM4ATYDNAPWNSGS 
Strep_glau_TYR MDGPFAASAGNWPI .NVRVDGRAYLRRSL . GTA. . . . VRELPTRAEVESVLGMATYDTAPWNSAS 
Strep _ _lincTYR TDGPFRAATGVWPI • TVRLDGETYLRRAL . GGA.. . . i3RELPTRAEVDSVLSIPTYDMAPWNSAS 
Strep_albu_TYR ?4DGPFA/STGNWPV .NVRVDGRTFLRESL • GTG.. . .VRELPTRAEVDSVLSMATYDMP2YNSAS 
C_eleqans_TYR2 VTGPFAYWRTIEGRSTILRNLGAEGQISFNENQVNT ......... IVAQNTIENTTaYTAPQPGcP 
C_s legans_TYR_1 VSGPFAGRTIEPNIIRRMATEGn?EQNINM ......... LHAQNDLVSVNAFTAPQGGcP 
eleganspYR3 NNGPFRSWKTVENK?AITRAVGAQGKGYSEDE TNT .........MLGQTDtAQVLAFSAPQRGCP 
C_ale gans_TYR_4 NDGPFPNWRTLAGRAQILRAVGhQGPJPLSQNDIDF .........VQTQIDQVLSFTAPQQGCP 
Brugia_TYR_i VTGPFAYWSTIDGRTAILRALGEKGIC_rTEYDIID ......... IISQVSVEQVMAYTA?LNDCP 





chicken — TYR NYSFRNTLEGFADPHTAISNISQSGLHNALIJIyI4NQSM$QVQGSP.N 
frog_a NFSFRNTLEGFAVPTSGTh1RSQSsMHNst2ivFnqGsN$svQGsAN 
fish_TYR NNSFRNVLEGFASPETCMAVQGQSTMHNALHVFNNGSMSSVQGSAN  
xnouse_TRP_2 TFSFRNALRGFDKAD . GTLDSQVMNLBNLABSmGTNALPBSAAN 
human_'rRP_2 TFSFBNMJEGFDKAD . GTIJDSQVMSLHNLVHSFLNGTNALPRSAAN 
znouse_TRP_1 TDSFBNTVEGYSAPT . GKYDPAVRSLHNLAKLFLNGTGGQTHLSPN 
human_TRPJ TNSFRNTVEGYSDPT . GXYDPAVRSLHNLARLFLNGTQGQrHLSPN 
axolotl -- TRP 1 SESFRNTVEGYSEPS . GKYDPSVRSLHNLAHLFLNGTGGQTHVSPN 
goldfish_aP__i SDSFRNSIEGYSAPQ. GNYDPVVRSLHNLABLFLNGTGGQTBLSPN 
Strap _anti _na . DGFRNBLEGWRGVN ..........LHNRVHVWVGGQM.ATGVSPN 
Strep_giau_TYR LHNRVBVWVGGQM.ATGMSPN 
Strep_lincjYR . DGFRNHLEGWRGVN .......... LHNRVHVWVGGQM .ATGVSPN 
Strep_albu_TYR . DGFRNHLEGWRGVN .......... LENRVRVWVGGQM .ATGVSPN 
_ Celeqans_TYR_2 YP .............. NNYG .AIEYSHSNIHLWIGGDMKPPSTSAN 
C_elegansTYRi FR .............. PYFG .ALEYTHASIHLWMGGDMRPPSTSAN 
C_e1egans7_fl'R7_3 YQ .............. PNFN .VPEYTHGNPHIYVGGDMLETSTAAN 
C_elegans_TYR_4 YR .............. TDFN • CLEYTHGNVEIFVGGDMFDTATSSN 
Brugia_TYR_i 	YP .............. PM'S .AIEYTHSFVHLWTGGHNEPPEQS 
M_jevanica_TXR3 P2 .............. SSFD • TLEYTBNPa liT?VGGDNDEN1OSA 
M_javanicaTyal IF .............. VNFN.ALEYSRSNIHF 
M_javanica_TYR2 I? .............. VNFN.ALEYSHSNIH?WVGGDMRVPETSA 
Figure 10.7 Alignment of tyrosinase fragments (Cu-active sites) used to construct the 
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Figure 10.8 Neighbour joining tree. Bootstrap values are indicated above the branches. 
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4. Discussion 
The degenerate primers designed against the conserved Cu-active sites of C. elegans 
lyr-1 and tyr-2 were succesfully used to amplify putative tyrosinase fragments from the 
human filarial parasite Brugia malayi and the root-knot nematode Ivieloidogyne 
javanica. Tyrosinases are therefore likely to be universal to nematodes.Two clones 
were isolated from Brugia malayi gDNA, six clones were obtained from Meloidogyne 
javanica. Sequence analysis of all clones showed that the predicted protein fragments 
align well with the C. elegans tyrosinases.The Brugia fragments appear to encode 
identical proteins (at least in this region), due to the fact that differences in nucleotide 
sequences are concentrated within the introns. Apparently fragments of three 
tyrosinase genes were isolated from M.javanica, Mj-eyr-J (clone 1,5 and 9), Mj-iyr-2 
(clone 7 and 32) and Mj-tyr-3 (clone 18). Differences between Mj-tyr-I and Mj-tyr-2 
are also concentrated within introns and the predicted translated proteins differ only by 
two amino acids. It is therefore possible that those genes are actually two alleles of the 
same gene. However the Cu-active sites are the most conserved regions of the 
tyrosinases (see Chapter 4) and more variation may be found in the rest of the genes, 
arguing against Mj-tyr-1 and Mj-tyr-2 being alleles of the same gene. 
Phylogenetic analysis showed that the nematode tyrosinases form a subfamily 
distinct from vertebrate and streptomyces tyrosinases (fig 10.7). The Meloidogyne 
clones (Mj-tyrl and Mj-tyr-2) are grouped together within the nematode dade and are 
like the Brugia fragment, more related to C. elegans1yr-1 and C. elegans-tyr-2 than to 
C. elegans-tyr-3 and C. elegans-tyr-4. This is not surprising given the fact that the 
primers had been designed against the conserved Cu-sites of C. elegans-tyr-I and C. 
elegans-tyr-2. C. elegans-tyr-3 and C. elegans-tyr4 were not amplified with these 
primers, probably because Utyr3 and especially Utyr2 are not expected to work well 
with these genes. Utyr3 has two mismatches in the middle both with C. elegans-tyr-3 
and C. elegans-tyr4, and Utyr2 has even four mismatches, two of which are located at 
the 3' end of the primer. It is thus conceivable that more tyrosinases exist in Brugia 
and Meloidvgyne that are related to C. elegans-tyr-3 and C. elegans-lyr-4 but that 
could not be amplified with these primers. Not all bootstrap values are high within the 
nematode dade, probably larger gene fragments are required to resolve this dade 
properly. 
The 5' end of the Brugia tyrosinase was isolated by PCR from a population of 
animals that was expected to contain moulting animals (1-3 at day 6 post-infection). 
This gene could not be isolated from a cDNA library that was made from RNA isolated 
from animals of the same age. Probably the animals in the different batches were at a 
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slightly different point in development, as a result of which the batch used to make the 
cDNA library contained fewer moulting individuals. Also the lifecycle of Brugia 
malayi is much longer ( 55-145 days) than that of C. elegans (- 3 days) and 
asynchrony in the population is therefore likely to have a greater effect on the presence 
of genes that are expected to be regulated tightly (see chapter 5). 
The fact that tyrosinases appear to be universal to nematodes combined with the 
fact that they are predicted to play a role in the formation of a tyrosine-bond which is 
unique to nematodes (see chapter 1), makes those genes attractive drug-targets. The 
drugs would be expected to be very efficient as they are likely to interfere with cuticle 





In this thesis I have described the isolation and characterization of tyrosinases of 
C. elegans and other nematodes. The objective of this study was to answer the 
question whether tyrosinases are involved in biosynthesis of the nematode cuticle by 
inducing the formation of non-reducible tyrosine bonds. 
Nematodes produce five cuticles during development, one before hatching and 
one at each of the four consecutive moults. The cuticle is produced by the hypodermis 
and is vital for survival. The major component of the cuticle are collagens (Kingston, 
1991) which are held together by several types of covalent bonds: disulphide bonds 
(Cox et al., 1981c; Cox, 1990), glutamyl4ysine bonds (Tarcsa et al., 1992; Mehra et 
al., 1992) and tyrosine bonds (Kramer, 1994a). A special type of tyrosine bond, the 
iso-trityrosine bond, is thought to be nematode specific (Fujimoto et al., 1981, Fetterer 
and Rhoads, 1990) and it was reasoned that the enzymatic reaction responsible for the 
formation of this bond is also nematode specific. 
Tyrosinases belong to a group of enzymes named phenoloxidases, which 
catalyze the oxidation of different phenolic substrates. Tyrosinases have two catalytic 
properties: mono-phenoloxidase activity and diphenoloxidase activity. These activities 
represent the first steps in distinct enzymatic pathways in a wide range of organisms. 
For example tyrosinases are involved in melanin synthesis in vertebrates and 
invertebrates and cuticle sclerotization in insects. Though the initial steps in the 
pathways are identical, the resulting products are quite different. Both in melanin 
synthesis and in insect cuticle sclerotization free tyrosines (or small phenolic 
components) are used as substrates. In melanin synthesis the reaction intermediate 
DOPAquinone undergoes internal cyclization which after further (non-)enzymatic 
reactions leads to the formation of melanin pigment (Hearing Jr, 1987). In insect 
cuticle sclerotization the reaction intermediate DOPAquinone is used as a bridge cross-
linking two adjacent proteins (Schaefer et al., 1987). It is proposed that the tyrosine 
residues in the C-termini of nematode collagens are the substrates of tyrosinases that 
are used for the formation of (iso-tri)tyrosine bonds. 
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2. Tyrosinases of C. elegans 
Four tyrosinase genes were identified in C. elegans based on the presence in those 
genes of Cu-active sites which are characteristic of tyrosinases. tyr 1 and tyr-2 were 
identified by a database search with the Cu-active sites of related proteins 
(haemocyanins), iyr-3 and tyr4 were putative tyrosinases predicted by the C. elegans 
genome project on the basis of tyr-] and tyr-2. The C. elegans tyrosinases contain a 
distinct CuA- and CuB-site in which they are similar to molluscan haemocyanins 
(Chapter 2). It is possible that more tyrosinases will be identified by the C. elegans 
genome project which is expected to finish sequencing of the remaining '-20% of the 
C. elegans genome by the end of this year. 
The gene structures of all four genes were determined by sequencing of cDNA 
and gDNA clones. All genes are trans-spliced to the spiced leader sequence SL1. The 
gene structures are similar, though an unusual long intron was found to be present at 
the 3' end of tyr-3 (Chapter 3). tyr-3 appears to use two trans-splice sites that do not 
result in differences in coding potential. Perhaps the use of two splice-sites and the 
long intron have a regulatory function. 
The predicted proteins are very similar with highest amino acid identity found 
in the conserved Cu-active sites. All four genes posses a putative signal peptide at their 
N-terminus followed by a pre-Cu- domain and the CuA- and CuB-site. The proteins 
are thus predicted to function extracellularly and have the enzymatic active sites 
required for the formation of tyrosine bonds. Two nematode six-cysteine motifs 
(SXC) that may indicate the localization of the proteins to the cuticle, are present at the 
C-tennini of (yr-i and tyr-2; tyr-3 and tyr4 contain four of these motifs at their C-
termini. The glutamine -rich region in TYR-1 is, like the SXC motifs, suggested to be 
involved in protein-protein interactions (Chapter 4). SXC motifs have been 
hypothesized to play a role in anchoring of the T. canis surface coat to the epicuticle, or 
of surface coat proteins to each other (Gems et al., 1995; Gems and Maizels, 1996; 
Blaxter et al., 1992). The predicted cross-linking activity of tyrosinases is potentially 
damaging to the nematode. Perhaps the tyrosinases are linked to other (membrane-
bound?) proteins through the SXC motifs, thus preventing random cross-linking 
activities. The protein domains of the tyrosinases are contained within exon 
boundaries. Both the intron positions and the amino acid identities support the division 
of the tyrosinases in two groups with tyr-] and tyr-2 in one group and tyr-3 and tyr4 
in the other group (Chapter 3,Chapter 4). 
In chapter 5 the expression of the tyrosinases over the post-embryonic lifecycle 
is presented. Steady-state mRNA levels of tyr-1, tyr-2 and 1yr4 were shown to be 
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upregulated at every moult, suggestive of their involvement in the formation of the new 
cuticle. The expression peaks are shifted slightly with respect to each other with tyr-2 
being expressed first, followed by tyr-I and finally yr-4. The tyrosinases follow the 
expression pattern of the collagen gene col-12 which also peaks at the moults 
(Johnstone and Barry, 1996). Though expressed at the same time during development 
and mainly in the same tissue (see Chapter 8) no similarities between the tyrosinase 
and col-12 promoters were found. Partial redundancy in function is expected as the 
three genes are upregulated at the moults. The fact that the peaks of expression are 
shifted slightly with respect to each other suggests that tyr-1, tyr-2 and tyr4 may also 
perform unique functions. This hypothesis was confirmed by the data obtained with 
the help of promoter constructs (Chapter 8). Overlapping expression was found in the 
hypodermal cells (hyp7and hypodermal cells in the head and tail), promoter activity in 
adult vulval cells was restriced to tyr-] and promoter activity in the uterus of L4 larvae 
and adults was restricted to tyr-2. tyr-3 transcripts could only be detected in cDNA 
prepared from a mixed stage population of a him-8 mutant strain that generates a much 
higher proportion of males than the N2 wildtype strain. tyr-3 could therefore be 
involved in the formation of male-specific structures in the tail. 
Low enzymatic activity could be detected using the DOMA oxidation assay, in 
a protein fraction extracted from a population of nematodes moulting from IA to adult. 
No activity was present in proteins extracted from adult animals. This results supports 
the notion that tyrosinases are active at the moult (Chapter 6). Apart from the fact that 
DOMA may be an inappropriate substrate for nematode tyrosinases, perhaps only low 
activity was detected because tyrosinases have to be activated, like phenol oxidases 
involved in trematode egg shell synthesis or insect cuticle sclerotization (see Chapter 
1). Finally it could be that the protein fractions tested did not contain many tyrosinases 
as perhaps the extraction methods used were not sufficient to extract the tyrosinases. 
In an attempt to obtain a tyr-2 gene knock-out, a transposon insertion mutant 
was isolated from a transposon insertion mutant library. Unfortunately no deletion 
mutant was obtained after screening of 300 cultures of off-spring each grown from 5-
10 parents (Chapter 7). The promoter study (see Chapter 8) showed that tyr-2 is 
probably involved in cross-linking of egg shell proteins. tyr-2 knock-out mutants are 
therefore likely to be difficult to isolate, as they are predicted to be sterile due to an 
incapacity to synthesize egg shells. 
lacZ- and GFP-reporter constructs were used to study the tyrosinase 
promoters. Tyrosinase-driven lacZ- and GFP-activity was found in hypodermal tissues 
and surprisingly in the uterus. The tyrosinase promoters were shown to be active in 
distinct sets of hypodermal cells. tyr-4-driven reporter gene expression was detected in 
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the hyp7 syncytium and some of the hypodermal cells of the head and tail. tyr-] 
appeared to be functional in a wider range of cells: apart from activity in hyp7, the 
tyr-] promoter was found to be active in all hypodermal cells (apart from hypi and 
hyp2) of the head and the tail. Moreover tyr-] is expressed in the vulva! cells. Only 
faint hypodermal expression of tyr-2 was detected. Interestingly, the tyr-2 promoter 
shows strong activity in the LA and adult uterus instead (Chapter 8). The weak 
hypodermal activity was absent from animals transformed with the promoter construct 
containing the short promoter fragment of syr-2. Possibly the promoter fragments used 
did not comprise the full tyr-2 promoter and lacked enhancer elements. Promoter 
activity of tyr-1, lyr-2 (weakly) and tyr-4 in the hypodermal tissues correlates well 
with the enzymatic activity detected in L4 to adult moulting animals (see above and see 
Chapter 6). The adult population which was assayed for tyrosinase activity was young 
and did not yet produce eggs. This could explain why no enzymatic activity was 
detected in this population. As mentioned above the substrate used in the assy may not 
be appropriate for nematode tyrosinases. Substrate requirements of tyr-2 may also be 
completely different (at least as far as egg shell protein cross-linking is concerned) 
from those of tyr-] and tyr-4. tyr-3 promoter activity was not obvious. As mentioned 
in chapter 8 perhaps the full promoter of tyr-3 was not used. In some males one or two 
unidentified cells in the posterior end of the animal showed lacZ activity (after 
overnight staining). Seam blast cells are present in the male tail that produce daughters 
(R6-9.p) that fuse with the hypodermal syncytium (Sulston et al., 1980). As they are 
part of the syncytium all four nuclei would be expected to stain, which argues against 
these cells being the seam cell daughters. 
In order to be able to confirm the localization of the tyrosinase proteins to the 
cuticle, antibodies were raised against recombinant proteins of TYR-1 and TYR-2. Due 
to lack of time these antibodies have not been tested (Chapter 9). Combining the 
inRNA expression data and data obtained with the help of promoter constructs 
antibody staining would be expected in the hypodermis, vulva and uterus. Obviously 
antibodies against recombinant proteins of TYR-3 and TYR-4 will have to be 
produced. The antibodies that were raised against the SXC motifs of TYR-2 are cross-
reactive with TYR-1 SXC motifs. Perhaps these antibodies could be used to localize 
SXC containing proteins in other nematodes. 
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3. Other nematode tyrosinases 
Degenerate primers were designed against the conserved Cu-active sites of 
tyr-1 and tyr-2 and used to amplify tyrosinase fragments of gDNA from the human 
filarial parasite Brugia malayi and the root-knot nematode Meloidogyne javanica. Two 
clones of the same putative tyrosinase were isolated form Brugia, six clones encoding 
three different tyrosinases were isolated from Meloidogyne. Two of the tyrosinase 
fragments isolated from Meloidogyne could represent alleles of the same gene, but 
larger fragments are needed to resolve that issue as these fragments are in fact the most 
conserved parts of the genes. Tyrosinases are thus likely to be universal to nematodes. 
The 5' end of a Brugia tyrosinase cDNA clone was amplified from cDNA prepared 
from a population of animals expected to contain moulting nematodes. The sequence of 
the eDNA clone confirmed the predicted protein based on gDNA sequence. 
Phylogenetic analysis showed that the nematode tyrosinases form a subfamily 
distinct from vertebrate and streptomyces tyrosinases. Within the nematode dade the 
meloidogyne clones are grouped together. Both the Brugia and Meloidogyne 
tyrosinase fragments are most similar to C. elegans-syr-I and C. elegans-/yr-2 
(Chapter 10). Quite possibly more tyrosinases with similarity to C. elegans-tyr-3 and 
C. elegans-lyr-4 exist in Brugia and Melokiogyne. 
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4. Conclusions and future work 
The tyrosinases described in this thesis are attractive drug-targets, since tyrosinases 
appear to be universal to nematodes. Analysis of the gene structures indicates that the 
genes are likely to be functional tyrosinases well capable of catalyzing the formation of 
the extra-cellular (iso-tri)tyrosine bonds between cuticular collagens and cuticlins. Both 
the timing of expression (at the moults) and the site of expression (hypodermal tissues) 
suggest that these genes play a role in the formation of the new cuticle. Moreover 
expression of syr-2 in the uterus suggests that tyrosinases are also involved in 
synthesis of the egg shell, analogue to the formation of the trematode egg shell by 
phenoloxidases. As the iso-trityrosine bond is believed to be nematode-specific, drugs 
against tyrosinases are expected to be active against nematodes only. Importantly, the 
drug would be highly efficient as it is likely to interfere with every stage of the 
nematode lifecycle. 
Future studies on tyrosinases will definitely have to include work on knock-out 
nematodes (eg. EMS deletion mutants, see Chapter 7) and the disruption of gene 
functions with double stranded RNA (Fire et al., 1998). Clearest results are expected 
from gene deletion mutants, which can be rescued by injection with wild type gene. 
Perhaps a single knock-out nematode will not produce a strong phenotype due to the 
partial redundancy in function of (yr-I, tyr-2 and yr-4. The results obtained with the 
injection of tyr-4 promoter constructs suggest thauyr-4 is not expressed in an unique 
subset of cells (Chapter 8) and therefore it might be necessary to construct double tyr-
11tyr-4 gene knock-outs to obtain a visible phenotype. In Chapter 8 it was shown that 
the tyrosinase promoters are active in the hypodermis. If the tyrosinases are indeed 
expressed in the hypodermis as these results suggest, and if they are involved in cuticle 
cross-linking, tyrosinase gene knock-outs could produce cuticle phenotypes like 
blistering, fluid-filled blisters are formed when the layers of the cuticle separate as in 
the Mi mutant strains (Brenner, 1974). Due to predicted functional redundancy, single 
(yr-i or tyr-4 gene knock-outs might be viable but mutants could have a weak cuticle 
which could easily form blisters when the animal moves over the agar plate. Multiple 
tyrosinase gene knock-outs could be completely deficient in the formation of tyrosine 
bonds and would not be expected to be viable and might even die before hatching. It 
would be interesting to study redundancy in function by rescue of phenotypes with 
other tyrosinases than the one disrupted. Because (yr-i and tyr-2 are suggested to be 
expressed in unique subsets of cells single gene deletion mutants could possibly 
produce some phenotype. If blistering is the phenotype, then the expression patterns 
described in Chapter 8 might lead to blistering at the head of (yr-i gene knock-outs. 
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Also if tyr-] is involved in cross-linking of the vulval cuticle, then iyr-I gene knock-
outs perhaps possess a malformed vulva if any at all. Strong tyr-2 promoter activity 
was detected in the uterus, suggesting that tyr-2 could be involved in cross-linking of 
egg shells. If so, tyr-2 mutants might be sterile due to a potential incapicity to produce 
egg shells. Single gene deletion mutants could be used in combination with the 
injection of double-stranded RNA. It is possible that multiple tyrosinases are affected 
by injection of double-stranded RNA corresponding to one tyrosinase as the genes 
have a highly conserved region (the Cu-active sites, see Chapter 4). 
iyr-3 cDNA could only be isolated from RNA extracted from a mixed stage 
him-8 population which is enriched in males (see Chapter 5). This is the only clue 
towards the function of this gene so far. Clones were isolated by nested PCR and tyr-3 
is thus predicted to be expressed at low levels. tyr-3 may also be expressed for a short 
period only and zyr-3 transcripts could be short-lived. This would make the tyr-3 
transcripts difficult to detect. It is also conceivable that yr-3 is only expressed under 
circumstances when tyr-1, tyr-2 and tyr4 fail to perform their (predicted) cross-linking 
activities, and the isolation of the cDNA clone from a popuaton of him-8 mutants could 
be fortuitous. 
A iyr-3 knock-out mutant could be very informative towards the function of 
this gene, though phenotypes may be subtle. Perhaps tyr-3 is involved in the formation 
of the spicules that are covered with sclerotized cuticle. As mentioned above, though 
unlikely, tyr-3 may be expressed in the posterior male seam cells that are believed to 
produce much of the cuticular material of the fan, which is formed at the L4 to adult 
moult (Sulston et al., 1980). In that case redundancy in function is expected as at least 
1yr-1 is expressed in the male tail (data not shown). Finally, tyr-3 may be dauer-
specific. The dauer-larval stage is a modified 1.3 stage which is induced by adverse 
environmental conditions. Dauer larvae have a heavily cross-linked cuticle which is 
particular resistant to all sorts of stress. This hypothesis could be tested by RT-PCR on 
RNA extracted from a synchronous population of animals that enter the dauer stage. 
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APPENDICES 
Alkaline lysis method for the preparation of plasmid / 
cosmid DNA 
• spin down 1.5 ml of overnight culture (45 sec, max rpm), decant LB* , ' 
and repeat twice 
• resuspend in 0.2 ml solution j2 , stand at room temperature for 5 mm 
• add 0.4 ml of solution 113 , mix gently by inversion, incubate on ice for 10 mm, 
ocassionally shake gently 
• add 0.25 of solution 1114,  vortex thoroughly and incubate on ice for 20 mm. spin 
10 min at max rpm 
• take 0.8 ml of the supernatant and add 0.5 ml of isopropanol, mix well, incubate at 
room temperature for 5 min and spin 10 min at max rpm 
• remove supernatant, respin and remove remaining supernatant. resuspend in 100111 
of TE5 with 10ig/m1 RNAse, incubate at room temperature for 10 mm 
• add lOOiil phenol/chloroform (24:1 with isoamylacohol)(1:1) and vortex well. 
spin 5 min at max rpm 
• take 90R'  of supernatant, transfer to new tube and add 901sl chloroform, vortex 
and spin 5 min at max rpm 
• transfer 85xl of supernatant to new tube and add 85pil chloroform, vortex and spin 
5 min atmax rpm 
take Soul of supernatant to new tube and add 8i11 3M Na acetate', mix well, add 
200xl -20°C 100% ethanol, mix well and spin 10 min at max rpm 
• remove supernatant and wash pellet with -20 °C 70% ethanol. respin and remove 
remaining ethanol. air dry or vacuum dry 
resuspend in TE 
* for a list of buffers and solutions see appendix 29 
Qiagen miniprep 
• spin down (30 see, max rpm) in total 4.5 ml of overnight culture in 1.5 ml 
eppendorf 
resuspend well drained pellet into 250 ixl of P1 buffer 
add 250 itl of P2 buffer, mix by inverting tube 4- 6 times 
add 350 Ftl of N3 buffer, mix by inverting tube 4 - 6 times 
microfuge 10 min at max rpm 
pipette supernatant into spin column, spin 30 sec at max rpm 
• empty catch tube and add 0.5 ml of PB buffer to spin column, spin 30 sec at max 
rpm 
• empty catch tube and add 0.75 ml of PE buffer to spin column, spin 30 sec at max 
rpm 
• empty catch tube and spin 1 min at max rpm 
• add 50 iii of TB and incubate for 1 min at room temperature 
• spin 30 sec at max rpm 
MTO- 
RNA extraction with RNAZ0ITM  B 
• homogenize tissue samples with RNAZ01TM  B (2 ml per. 100 mg of tissue, 200 utl 
minimum) 
• add 0.2 ml of chloroform per 2 ml of homogenate, cover sample tightly and shake 
vigorously for 15 sec (don't vortex), let stay on ice for 5 min and spin 15 min at 
max rpm (4°C) 
• transfer the aqueous phase to a fresh tube, add an equal volume of isopropanol and 
incubate 15 min at 4°C 
• spin 15 min at max rpm (4°C) 
remove supernatant and wash the RNA pellet once with 75% ethanol 
• briefly dry pellet and resuspend in Diethylpyrocarbonate (DEPC) - treated 11 20 
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PCR and RT-PCR (GeneAmp® RNA PCR kit) 
• prepare a inastermix containing: 
MgCl2 solution 	 4 jil 
lox PCR buffer 	 2 !k1 
DEPC- treated water 	 2 jil 
dGTP 	 2il 
dATP 2 iii 
dflP 2 	l 
dCTP 2 il 
Rnase inhibitor 	 1 xl 
Reverse transcriptase 	 1 j.tl 
random hexamer primers / Oligo d(T) 16 	 1 i1 
RNA solution 	 1 JAI 
overlay samples with mineral oil and transfer to PCR machine 




• use 5- 20 rd of RT-reaction in PCR, containing: 
LX PCR buffer 
2 mM of each nucleotide 
2mM MgCl2 
3 pil of each primer per 100 pil of reaction (at a concentration of 100 ng4tl, or 
at 20 pmol) 
2 U of Taq polymerase per 100 i.xl of reaction 
Purification of DNA from gels and solutions: GeneCleanil 
kit 
cut- off: 400 bp - 3 kb 
• stain gel briefly after electrophoresis and excise DNA fragment with clean razor 
blade 
add 4.5 volumes of Nal and 0.5 volume of TBE7 modifier 
incubate in waterbath at 45 - 55 °C for 10 mm, or till agarose has dissolved 
if purifying from solution add 3 volumes of Nal and continue with next step 
• thoroughly vortex the vial of glassmilk and add 5 .tl to DNA / Nal solution. If 
there is likely to be more than S tg of DNA add 1 tl extra glassmilk for each 
additional 0.5 xg of DNA 
• mix and place on ice for S min mix every 1 - 2 min by vortexing. spin 5 sec at 
max rpm 
discard supernatant and respin 5 sec at max rpm 
• wash the pellet 3 times with 0.5 ml of ice cold New Wash solution 
• dry pellet briefly under vacuum 
• resuspend pellet in 5 tl of TE or sterile H2O 
• eluteDNAfor5minat45-55°C 
• spin 1 min at max rpm and remove DNA solution, repeat elution once 
Spin purification of PCR products using Spin-X UF 1°° fitters 
cut-off:> 125 bp 
dilute PCR reaction to 500 tl with H20 
pipette mixture into spin column, avoid the oil 
spin 5 min at 3500 rpm, dilute retentate to 500 pA with HO 
repeat previous step twice 
• upon last spin, discard flow-through and check volume. respin if required 
!!t! øB!Jii!l!4 
DNA purification from solutions: Qiagen kit 
add 5 volumes of PB buffer to 1 volume of DNA solution 
add mixture to spin filter, spin 30 sec at max rpm, discard flow-through 
• add 0.75 ml of buffer PE, spin 30 sec at max rpm and discard flow-through 
repeat previous step twice 
spin 1 min at max rpm 
place filter in clean catch tube 




Qiaquick gel extraction kit 
cut-off: 100 bp - 10 kb 
• excise DNA fragment from agarose gel 
weigh gel slice, add 3 volumes of buffer QX1 to 1 volume of gel 
incubate at 50 °C for 10 mm 
• add 1 volume of isopropanol, mix 
transfer sample to spin column, spin 1 min at max rpm 
discard flow-through, add 0.5 ml of buffer QX1 and spin 30 sec at max rpm 
• add 0.75 ml of buffer PE and spin 1 min at max rpm 
discard flow-through and spin 1 min at max rpm 
add TE or H20, let stand for 1 min and spin 1 min at max rpm 
.zai 
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DNA purification from gels and solutions: Ilybaid kit 
shake binding buffer, add 400 utl  to spin filter 
• add gel slice (not more than 300mg per filter). When purifying from solution: add 
DNA solution ( 300 .tl maximal) and proceed with step 4 
• incubate at 50 - 55°C for 5 mm, flick tube to mix 
spin 30 sec at max rpm, empty catch tube 
• add 500 jxi wash solution to spin filter and spin 30 sec at max rpm 
• repeat previous step 
empty catch tube and spin 1 nun at max rpm to dry pellet 
• transfer spin filter to new catch tube, add 12.5 tl of H20 or TE, mix carefully 
• spin 30 sec at max rpm, add 12.5 !xl of H 20 or TE, mix carefully 
spin 30 sec at max rpm 
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Preparation of competent cells 
streak out XL 1-blue cells onto plate containing tetracycline, grow overnight 
• pick single colony into 10 ml of LB medium supplemented with 10 mM MgSO 4 , 
grow overnight at 37°C 
• dilute overnight culture 1: 200 in LB, grow at 37°C in shaking incubator till 01) 600 
= 0.4 -0.6 (2 - 3 hr) 
chill the cells on ice for 15 mm. Spin in bench top centrifuge (- 3000 rpm) for 15 
min at 4°C, drain pellet well 
• resuspend the cells in 115 starting volume of 100  MM MgCl2 . incubate on ice for 
30 mm 
• resuspend the cells in 1150 starting volume of 100 m CaCl2 . incubate on ice for 
60 mm 
• add glycerol to 15%, divide cells into 100 xl aliquots and freeze at -80°C 
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Transformation of competent cells 
• add 2 - 3 ti of ligation to 100 iii of competent cells, mix well and incubate on ice 
for 30 mm 
heat shock at 42 °C for I mm, immediately put on ice 
• add 900 p1 of LB and let cells recover for at least 30 min at 37°C 
plate cells onto agar plates supplemented with the appropriate antibiotics' 
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In vivo excision of pBluescript phagemid from lambda phage 
• inoculate 50 ml of LB supplemented with 10 m MgSO4 and 0.2% maltose with a 
single colony of XL1-Blue, grow overnight at 37°C 
spin overnight culture for 5 - 10 min at 3500 rpm, resuspend pellet in 10 - 20 ml 
MgSO4 (0D600 -, 1) 
• add 200 tl of cells to 3 ml of top agarose (at a temperature of 45 °C), vortex and 
plate onto LB plate. spot 1 - 5 il of phage suspension onto bacteria lawn, leave 
plate at roomtemperature for 15 min and grow overnight at 37°C 
pick up plaque in 400 xl of SM buffer, add 100 F 1  chloroform, vortex and 
incubate overnight at 4°C 
innoculate 10 ml of LB supplemented with 10 mM MgSO 4, 0.2% maltose and 
kanamycin with a single colony of SoIR cells 
• mix 200 ixl of XL1-Blue cells, 250 uI of phage and 1 uzl of Ex assist in a 50 ml 
tube. incubate 15 min at 37°C, add 3 ml of LB and incubate 3 Ins at 37°C in a 
shaking incubator 
incubate 20 min at 70°C, divide over 2 eppendorfs and spin at max rpm. take of 
supernatant and store at 4°C 
add 5 and 50 j.tl of supernatant (see above) to 200 jil of SoIR cells. incubate 15 
min at 37°C and plate onto LB plate supplemented with ampicilline. grow 
overnight at 37°C 
• check a couple of colonies by PCR with M13L and M13R (see appendix 33) 
KIR 
Cloning and sequencing 
PCR products were spin-purified or extracted from agarose gels (appendices 5-9) and 
cloned into pBluescript (Stratagene) or pMOSblue T-vector (Amersham) or pGEM - 
vector (Promega). 
• pBluescript ligation: 
50 ng cut pBluescript plasmid 
x p1 DNA fragment 
1 p1  lox ligase buffer (Promega) 
1 p1 T4 DNA ligase 
x p1 	H2 0 (total volume: 10 141) 
mix well and leave overnight at 16°C 
• 	pMOSblue T-vector ligation: 
1 p1 lox ligase buffer 
0.5pl 100mMDTI 
0.5 p1 10 m ATP 
1141 5Ong/plvector 
x p1 DNA fragment 
0.5 p1 14 DNA ligase 
x p1 H20 (total volume: lOp!) 
mix well and leave overnight at 16°C 
• pGEM-vector ligation: 
1 p1 	iox ligase buffer 
1 y SOng/plvector 
x p1 DNA fragment 
1 p1 T4 DNA ligase 
x p1 H20 (total volume: 10 pi) 
mix well and leave overnight at 4°C 
Cloning of promoter fragments was done stepwise. Primers were designed 
containing different restriction sites enabling directional cloning of the promoter 
fragment. First purified PCR products were cloned into the pGEM T-vector after 
which they were excised and cloned into the cut expression vectors. 
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PCR products or DNA clones were sequenced on an ABI 377 automated 
sequencer (Perkin Elmer) using an ABI Dye terminator kit (Perkin Elmer, 
appendix 15). 
DNA sequences were analyzed and assembled with the help of MacVector and 
Assemblylign software (Kodak, International Biotechnologies, mc). Multiple sequence 
alignments were made with the GCG Package (GCG, Wisconsin, Madison). 
Phylogenetic analysis were performed using maximum parsimony algorithms 
implemented in PAUP 3. 1.1 (Swofford). 
WTUITTMOMWI 
ABI Dye Terminator Sequencing 
• 	mix: 
4 tfl ready reaction mix 
1 	i.tl primer (1.6pmol/tl) 
• il plasmid or PCR product 
• sl H20 (total volume: 10 RI) 
• cycle sequence: 
25 cycles of: 96°C 30 sec 
50°C 20 sec 
60°C 4mm 
• ethanol precipitate, by mixing of- 
1 il 3M Sodium acetate pH 4.6 
25 jil 95% ethanol 
10 tl sequencing reaction 
• incubate on ice for 10 mm, spin 15 - 30 min at max rpm, wash pellet in 70% 
ethanol and dry pellet 
• resuspend sample in 4 pil loading buffer", denature for 2 min at 90°C, place on 
ice, load 2 tl 
KIZ 
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Purification of His-tag proteins in microfuge tubes (after 
Feng and Winkler ( 1 95)) 
• inoculate 10 ml of LB containing the appropriate antibiotic with a single colony, 
grow overnight at 37°C 
• inoculate 100 ml of medium supplemented with the appropriate antibiotic with 1 ml 
of overnight culture, grow in shaking incubator (37°C) till 0D 500 0.6 
• harvest cells in 1X binding buffer" (2 x 1 ml), sonicate and spin 20 min at max 
rpm (4°C) 
• if denatured conditions are required, resuspend pellet in 1X binding buffer 
containing 6 M urea and leave 1 hr on ice. Spin 20 min at max rpm(4°C) 
• mix bottle with Sepharose (chelating sepharose, Pharmacia Biotech) well, add 1 ml 
to two tubes and spin for 1 min at 2500 rpm 
wash once with 1 ml of sterile H20 
wash twice with 1 ml of 1X charge buffer" 
wash twice with 1 ml of 1X binding buffer 
add the protein solution and rotate for 1 hr 
spin 1 min at 2500 rpm, discard supernatant 
wash three times with 1 ml of 1X binding buffer 
• wash 3 times with 1 ml of 1X wash buffer" 
• elute twice with 0.5 ml of 1X elute buffer" 
may add 10% glycerol to binding buffer, wash buffer and elute buffer to increase 
yield 
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purification of His-tag proteins (pET system manual, 
Novagen) 
• inoculate 10 ml of LB containing the appropriate antibiotic with a single colony, 
grow overnight at 37 °C 
• inoculate 100 ml of medium supplemented with the appropriate antibiotic with 1 ml 
of overnight culture, grow in shaking incubator (37 °C) till Ol) - 0.6 
• harvest cells by centrifugation for 5 min at 5000g, drain pellet well and resuspend 
in 40 ml of binding buffer without urea 
sonicate and spin 20 min at max rpm (4 °C) 
• remove supernatant and resuspend pellet in 20 ml of binding buffer without urea 
sonicate and spin 20 min at max rpm (4°C) 
• if denaturing conditions are required, resuspend pellet in 5 ml of binding buffer 
containing 6 M urea and leave 1 hr on ice. Spin 20 min at max rpm (4 °C) and filter 
the supernatant through a 0.45 micron membrane before loading it on the column 
• mix Sepharose well and transfer required amount to syringe with glasswool plug 
allow resin to pack 
• when the level of storage buffer drops to the top of the column bed, wash the 
column with: 
3 volumes of sterile deionized 1420 
5 volumes of 1X charge buffer 
3 volumes of 1X binding buffer 
Use binding buffer containing 6 M urea for last wash if denaturing conditions 
are required 
• allow binding buffer to drain to the top of the column before loading the sample 
• wash the column with 10 volumes (25 ml) of 1X binding buffer 
• wash the column with 6 volumes (15 ml) of 1X wash buffer (for denaturing 
conditions, combine 11 ml of 1X binding buffer with 4.1 ml of 1X wash buffer) 
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• elute the protein with 6 volumes (15 ml) of 1X elute buffer. may use lower 
imidazole concentration under denaturing conditions (mix elute buffer with binding 
buffer) 
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SDS-Page using Hoefer SE250 "Mighty Small II" 
assemble glass plates and spacers in holder 
prepare a gel mixture of the required percentage 
add Temed, mix 
• add 10% APS (ammonium persulfate) to small volume and pour plug 
add 10% APS to remainder, pour gel and cover with H 20 saturated - butanol 
• once polymerized, remove ll20 saturated - butanol and wash with H 20 
• pour stacking gel and place comb 
• place gel in electrophoresis tank, fill with IX SDS-Page buffer 15 
• load sample resuspended in Studier Buffer" 




electrophorese sample over a polyacrylamide gel 
• soak 12 pieces of 3MM Whatman filter paper and nitrocellulose paper cut to gel 
size in lx SDS-Page buffer 
• prepare a stack of 6 sheets of filter paper, nitrocellulose paper, polyacrylamide gel 
and again 6 sheets of filter paper 
place in semi-dry blotting apparatus 
run at 250 mAmp (set voltage at 1OV) for 45 mm 
• remove strip containing marker proteins, stain in Ponceau-S 
• block the remainder of the blot 2hrs or overnight in blocking buffer"' 
• rinse blot once in PBS, 0.1% Triton X-100, 0.05% Tween-20 
• cut strips of blot and place in icubation tray, add imi of antibody diluted in 
blocking buffer. incubate 2hrs at roomtemperature or overnight at 4°C 
rinse three times 10 min in PBS, 0.1% Triton X-100, 0.05% Tween-20 
incubate for 1 hr in peroxidase-conjugated antibody, diluted in blocking solution 
• rinse twice in PBS, 0.1% Triton X-100, 0.05% Tween-20, followed by awash in 
PBS without detergents 
• stain with TMB Peroxidase Substrate System (Kirkegaard & Perry laboratories 
Inc.)' 8 
stop reaction by rinsing the strips with H 20 
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Enzymatic activity 
Enzyme activity in C.elegans homogenates was measured spectrophotometrically 
using 3,4-dihydroxymandelic acid (DOMA) as a substrate for tyrosinase (Rodriguez-
Lopez et al, 91). Homogenates of synchronous L4 to adult moulting worms, 
synchronous adult worms (prepared as described by Johnstone and Barry, '96) and a 
mixed population of worms were prepared according two different methods: 
Pellets of cleaned worms were mixed with an equal volume of PBS containing 
1.5% n-octyl glucoside and protease inhibitors, homogenised in a microhomogeniser 
tube and kept on ice for 15 minutes. Subsequently the homogenate was centrifuged for 
10 minutes (4° C) at 12,000 rpm. The soluble fraction was used for determining 
enzyme activity. 
2. 	To pellets of frozen worms equal volumes of glass resins (0.176-0.249 mm) 
and 50mM Na/K phosphate was added. After sonication 1% of chaps (sigma) was 
added and the mixture was vortexed occasionally while kept on ice for 15 minutes. 
The homogenate was centrifuged for 5 minutes (4 °C) at 10000 rpm after which the 
supernatant was taken off and centrifuged for an additional 2 minutes (4 °C) at 14000 
rpm. 
The conversion of 3,4-dihydroxymandelic acid (DOMA) to 3,4-dihydroxy 
benzaldehyde by tyrosinase was assayed for 5 to 7 minutes at 25°C and monitored 
spectrophotometrically at 350 mn. One ml of reaction mixture contained 920  y 
sodiumphosphate (0.2M Na2HPO4,  pH 7.4), SOpl DOMA (80mM in 0.15 mM 




Two different PCR programs were used to amplify genomic tyrosinase fragments 
from the human parasite Brugia malayi and the plant parasite Meloidogynejavanica. 
94° 1:00 / 40° 1:00 / 72° 2:00,5 cycles 
94° 1:00 /450  1:00 / 72° 2:00, 5 cycles 
94° 1:00/50° 1:00/72° 2:00,5 cycles 
940 1:00/55° 1:00 / 72° 2:00,20 cycles 
72° 10:00, 25° 20:00, 1 cycle 
94° 1:00/50° 1:00/72° 2:00, 15 cycles 
940 1:00 / 550 1:00 / 72° 2:00, 20 cycles 
72° 10:00, 25° 20:00, 1 cycle 
Brugia 5' cDNA was isolated by nested PCR with SL1 and bml primers followed by 
PCR with SL1 and bm4 primers (see appendix 32 for primer sequences). The program 
used in both PCRs was: 
94'5:00, 1 cycle 
94° 0:15 / 55° 0:20 / 72° 3:00,35 cycles 
72° 10:00, 25° 20:00, 1 cycle 
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Screening of a Tcl insertion mutant library 
The primer sequences of transposon and tyr-] and tyr-2 specific primers are listed 
below. 
Li: 5' CGTGGGTATTCCTI1TGTFGGAAGCCAGCTAC 3' 
L2: 5' TCAAGTCAAATGGATGCTTGAG 3' 
RI: 5' TCACAAGCTGATCGACTCGATGCCACGTCG 3' 
R2: 5' GATTTTGTGAACACTGTGGTGAAG 3' 
TYR 1.1:5' GCCGACflTAATTGCTCACAG 3' 
TYR 1,2:5' GGTCCAAACATGCCATATGC 3' 
TYR 1.3:5' ATCTGCATCTGGCTCAGTGAG3' 
TYR 1.4:5' TTCAGCCATCCAYFGACGAC 3' 
TYR 2.1; 5' ACATGCGTTGGACGCCAATI' 3' 
TYR 2.2:5' GTATGAATCAGAAGCGGTGG 3' 
TYR 23: 5' GATTCGACflCYITCCTTGGC 3' 
TYR 2.4:5' CCGAGATT'GAflCACGAAGG 3' 
All even primers are nested primers for the odd primers. 
PCR conditions are: 
• first PCR: 
2,u1 DNA 
1 p1 lOx PCR buffer 
1141 dNTPs (2mM) 
lpl primer Ll or RI 
1 p1 primer 1 (gene-specific) 
4 y H20 
0.05 141 Taq polymerase (5U/141) 
This PCR is diluted lOx after which DNA is transfered to the second PCR mixture 
with the help of a 96-pin stainless-steel "hedgehog". 
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• nested PCR: 
"-'0 141  DNA 
1141 lOx PCR buffer (Gibco, BRL) 
1 p1 dNTPs (2mM) 
1 p1  primer L2 or R2 
1 p1 primer 2 (nested gene-specific primer) 
6 y H20 
0.05 p1  Taq polymerase (5U/pl) (Gibco, BRL) 
PCR conditions: 
95°C 3:00, 1 cycle 
95°C 0:40 / 55°C 0:40 / 72°C 2:00,35 cycles 
72°C 3:00, 1 cycle 
cool to 10°C 
single worm PCR: 
Add a single worm to tube with 2.5 p1 of SW lysis buffer'. Cover with Spl mineral 
oil and place in a thermal cycler. Lyse for 1 hr at 60 min at 65°C, followed by 
incubation for 15 min at 95°C to inactivate proteinaseK; leave to cool to 10°C. 22.5 p1 
of PCR mixture (prepared as above) is added to the 2.5 p1 of worm lysate. This PCR 
and the nested PCR are performed as described above. 
For lysis of populations of worms: incubate for at least 2 hrs at 65°C. Double the 
concentration of proteinase K in the lysis buffer. 
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Production of antibodies against the recombinant proteins 
A Bradford assay was done to estimate the recombinant protein concentrations. Mice 
were injected with 40-50 pg of purified recombinant protein in Freund's complete 
adjuvant. About six weeks after the first immunization the mice were boosted with 
-20 pg purified protein in Freund's incomplete adjuvant and bled 12 days post-boost. 
Because of scarcity of purified material, only one mouse was immunized and boosted 
with recombinant protein representing the Cu-active sites obtained from a 100 ml 
culture. 12 Days after the first boost a tailbleed was done which was tested on 
reactivity with recombinant protein on a Western-blot (see appendix 18). Since no 
reactivity was observed, ten weeks after the first boost the mouse received a second 
boost and was bled 12 days thereafter. Finally all sera were tested for reactivity with 
the relevant recombinant proteins on Western-blot. Blots were stained with the TMB 
Membrane peroxidase substrate system (Kirkegaard & Perry laboratories). 
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L. xiJI!WWJ 
genomic DNA prep from nematodes 
harvest nematodes (see appendix 25) and freeze at -70°C 
thaw and immediately add 0.5 ml of WLB22° 
incubate 30 min at 65°C with occasional very slow inversion 
extract with 0.5 ml of phenol: 
add organic reagent 
mix by very slow inversion for 5 min or more 
spin 10 min at max rpm 
remove lower organic phase 
extract with 0.5 ml of phenol / chloroform 
• extract with 0.5 ml of chloroform, but transfer aqueous phase with wide tip to new 
tube 
add 1 ml of 100% ethanol (at -20°C) to final 0.4 ml of supernatant 
spin 15 min at max rpm 
• wash pellet twice with ice cold 70% ethanol 
wash pellet once with 95% ethanol 
• respin to remove remainder of ethanol 





wash nematodes off NUM plates' with M922 , spin 30 sec at 3000 rpm 
wash nematodes again with M9 
• take up nematodes in 0.5 ml of cold M9, add 1 ml of cold 60% sucrose and spin 3 
min at 3000 rpm 
take off nematodes with siliconized tips (- 200 - 400 isl), dilute with 1 ml of M9 
spin 3 min at 3000 rpm and freeze at -70°C 
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Freezing nematodes 
• grow 3 small plates of starved Lis, or do an egg prep and let hatch overnight 
wash worms off with sterile M9 
• divide over 4 cryotubes (nalgene), 0.5 ml per tube 
add equal volume of worm freezing buffer" 
slowly freeze at -80°C in polystyrene box 
• thaw one vial to check survival 
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Hypochiorite egg prep 
harvest nematodes and wash with M9 
take up pellet in at least 10 volumes of hypochiorite solution 24, made fresh 
mix on rocker for 3 mm 
spin 30 sec in benchtop centrifuge, setting 4 
aspirate supernatant and add fresh hypochiorite solution 
continue to mix, check for disappearance of worms under a dissecting microscoop 
• as soon as all carcasses are broken but before all carcass naterial is gone, spin 30 
sec at setting 4 
aspirate the supernatant and wash the pellet with sterile water 
aspirate the supernatant and wash the pellet 3 times with sterile M9 




• Pipette 100 - 200 iii of boiling 2% agarose onto a slide. Either drop a coverslip on 
top of it or rest the coverslip on 2 slides to produce pads of standard thickness 
• take off coverslip with agarose pad and bake overnight at 80 °C 
needles: 
• place glass capillary (standard-thickness borosilicate glass capillary with inner 
filament) in needle puller (Narishige moddel PC-b). Use at two-stage setting: 1 - 
63;2-71. 
• fill the needle with the help of a gilson pipette or prepare a loading pipette by 
keeping a glass capillary (without inner filament) in a flame and pulling on both 
ends when it is thoroughly heated. break into two, fill by capillary force and use a 
small pipette filler or a mouthpiece to expell the DNA solution. 
microinjection: 
• place a filled needle in the needle holder, mount on the micromanipulator 
• tape an injection pad to the removable part of the microscope stage 
• deposit a large drop of paraffin oil onto the pad 
• pick young adult worms onto the agarose pad under a dissection microscope. try to 
avoid excess bacteria and moisture 
• wait till most worms are immobile, do not dessicate the animals 
• bring the gonad into focus using the lOX objective 
• move needle down in close proximity of the animal 
• change to 40X objective 
• adjust position of the needle (both the needle and the gonad should be in focus) 
and push the stage towards the needle, to penetrate the worm 
• apply pressure (depending on the needle opening: 2 - 4 bar) and pull back needle 
once the gonad has been filled (if the injection is successful the gonad will swell 
visibly) 
• once all animals have been injected in both gonadal arms, deposit a drop of M9 or 
S buffer" onto the pad 
• take off the animals with a worm pick or a hair, place on a seeded NOM plate and 
put another drop of M9 or S buffer on top of the injected animals 
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WTOMMOR 
Staining C. elegans for f3-galactosidase expression 
• wash nematodes off plates with lI20  (or M9) / 0.001% triton X-100 
spin (full speed, 10 see) and wash once in H 20 /0.001% triton X-100 
• remove liquid, leaving 100 j.tl 
• add equal volume of 2.5% glutaraldehyde (diluted with H20 from stock, store at 
4°C) 
• fix worms for 15 min at room temperature 
spin worms down and wash three times with H 20 / 0.001% triton X-100 
• on final spin remove all liquid but - 50 - 100 sl 
pipette worms onto a slide and dry in speed vac (5 - 10 mm) 
• once dry, place slide in -20°C acetone for 3 - 5 mm 
• dry slide on heating block 
• pipette X-gal stain 26 (- 150 - 200 iil) onto slide and place a coverslip on top. 
stain in humid chamber either at room temperature or 37 °C 
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WITIMMMUMO 
Buffers and Solutions 
Tryptone 	 10 g 
Yeast extract 5 g 
NaC1 	 5g 
add 1120  toll 
Solution I (pH 8.0,400 ml): 
50 m Glucose (3.6 g) 
25 m Tris-HC1, pH 8.0(1.21 g) 
10mMEDTA(1.41 gor8mlofO.5M) 
store in fridge, if necessary add tip point of lysozyme to aliquote before use 
Solution 11 (5 ml): 
0.2 M NaOH (200iil of 5 M) 
1% SIDS (SOOiil of 10%) 
4.3 ml H20 
make up fresh every day 
Solution III (400 ml): 
3 M K acetate, pH 4.8 
dissolve 117.6 g in 150 ml H20, adjust pH to 4.8 with glacial acetic acid and add 1120 
to 400 ml 
TE (pH 8.0): 
10 mM Tris-CI (pH 8.0) 
1 mM EDTA 
3 M Na actetate, pH 5.2: 
dissolve 40.824 g in little 1120,  adjust pH to 5.2 with glacial acetic acid and add 14 20 
to 100 nil 
5x TBE: 
Tris base 	 54 g 
Boric acid 27.5 g 
50mMEDTA 20m1 
add H.,0 to 11 
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Antibiotics: 
Ampicilline (100th): 50 mg/ml, filtersterilize 
Kanamycin (500x): 25 mg/ml) , filtersterilize 
Chloramphenicol (1000x for selection of resistant bacteria, 200x for amplification of 
plasmid): 34mg/mi, filtersterilize 
Tetneyclin (1000x): 12.5 mg/ml in ethanol! I120  50% v/v, filtersterilize 
SM buffer: 
NaCl 	 0.584 g 
MgCl2 .6 H20 	 0.203 g 
lMTris 	 5m1 
add H20 to 100 nil 
ABI loading buffer: 
50 mg / ml Blue Dextran 
25 mM EDTA 
8X Binding buffer: 
40 mM Imidazole 
4MNaCI 
160 mM Tris-HC1 (pH 7.9) 
8X Charge buffer: 
400 mM NiSO4 
8X Wash buffer: 
480 mM Imidazole 
4MNaCI 
160 m Tris-HCI (pH 7.9) 
4X Elute buffer: 
4 M Imidazole 
2 M Nacl 
80 mM Tris-HCI (pH 7.9) 
For purification under denaturing conditions 6M area (final 
concentration) should be added to the concentrated binding buffer, 
wash buffer and elute buffer. Adjust the pH to 7.9 with either HCI or 
NaOH. 
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5x SDS - page buffer: 
Glycine 	 1440g 
Tris base 300 g 
SDS 	 50g 
adjust pH to 8.3, add H 20 to 11 
2x Studier buffer: 
Tris 1M pH 6.8 12.5 ml 
10%SDS 40m1 
Glycerol 20 ml 
0.2% Broinophenol blue 2 ml 
add H20 to 100 Ml 
Western blot blocking buffer: 
5% 	 Skimmed milk powder 
0.1% Triton X-100 
0.05% 	 Tween-20 
in PBS 
TMB Peroxidase Substrate System: 
Enhancer 	 1 ml 
Peroxidase solution B 	5 ml 
TMB membrane enhancer 5 ml 
Worm lysis buffer: 
50 mM ICC! 
10 m Tris-HCI (pH 83) 
2.5 mM MgCl2 
0.45% Nonidet P-40 
0.45% Tween-20 
0.01% gelatin 
freshly add 100 .tg / p1 Proteinase K 
Zs'i P :ti 
100 mM NaCl 
100 mM Tris-Ci, pH 8.5 
50 mM EDTA 
1% SDS 
1% 2-Mercaptoethanol 
100 lAg / ml proteinase K 





THs-OH 	 24 g 
Bactopeptone 	 310g 
Cholesterol 800 mg 
NaCl 	 200 g 
store well mixed and dry. use 5.9 g per liter with 21 g agar 
M9 buffer: 




add H20 to11 
Worm freezing buffer: 
NaCl 5.85 g 
KH2PO4 6.8g 
Glycerol 300 ml 
1 M NaOH 5.6 ml 
add H20 to 11 
autoclave and add 3 ml of 0.1 M MgSO 4 
Hypochlorite solution 
H20 	 35m1 
13% Sodium hypochlorite 	10 ml 
SM Potassium hydroxide 5 ml 
S basal: 
0.1 M NaCl 
0.05 M Potassium phosphate (pH6) 
1 ml / 1 Cholesterol (5 mg / ml in EtOH) 
X-gal stain (1 ml): 
H20 377 iii 
0.5 M NaH2PO4 80 isl 
0.5 M N;HPO4 420 jil 
1MMgCl2 8iil 
too MM K4Fe(CN)6 
100 mM K3Fe(CN)6 50 jil 
1%SDS 4iil 
Kanamycin (25 mg/ml) 3 RI 
X-gal (5%) 8 il 
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27. PBS: 
NaCl 	 7.31 g 
Na2HPO4 	 2.36 g 
NaH2PO4.2H20 	 1.31 g 
add II20  to 1 liter 
C'] 
Gene expression vectors (provided by A. Fire) 
• pPD 95.57 (promoterless NLS-lacZ vector with 12 introns and a synthetic decoy 
sequence, frame 2) 
pPD 95.81 (promoterless gfp vector, frame S) 
• pPD 95.73 (promoterless gfp vector with NLS, frame S) 
- 	
- 	rno.SNLS t 
Sbp  M. 
 PWMO P,M)r 	11(111) - . 	 I !._,It.s  I 
Figure 1. Structure of the modular fusion vectors. From Fire et al., 1990. 
231 
COMM M. 
Cosmids, YACs and cDNAs 
The following cosmids, YACs and eDNA clone were supplied by Alan Coulson (the 
Sanger Centre, Hinxton, Cambridge): 
* tyr-1: 
• CO2C2 
• T25G1O kan 
* tyr-2: 
• ZC76m" 
• ZK424 kan  
• K08E3 kan 
• W06F8 kan 
• WO6F12 kan 
• F13C11 Un 
• F23C6 kan 
• T27A9km 
 

















Strains carrying cosmids were streaked out onto agar plates containing the 
appropriate antibiotics and incubated overnight at 37°C. Individual bacterial colonies 
were grown overnight in LB at 37°C in the presence of antibiotics. Cosmid DNA was 
prepared from the overnight cultures by the alkaline lysis method followed by a 
phenol/chloroform extraction (see appendix 1). 
The partial cDNA cml8dl2 in XSHLX2 phage was plaque purified. 
In vivo excision (appendix 12) was performed on the cDNA clones provided in 
XZAPII phage. 
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Figure 1. Part of the physical map of C. elegans. Cosmid CO2C2 is indicated in the 
coloured box. 
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Figure 2. Part of the physical map of C. elegans. Cosmid K08E3 is indicated in the 
coloured box; cDNA cml8dl2 is underlined in red. 
234 
VK363 cm2lg6 	YK989 YK1381 cmlSd4 	 crn2t8 YK731 



































C47H4 * tot 
-riE L.. A37 
* 
O5B1 2* 
- t MO5B5 
C33FI I 
C'.' .)r7 * * 
IILflrtw 
14 
an M flflUl 
illi 	 iitTL.a 	 unc-15  
n. 23 
Figure 3. Part of the physical map of C. elegans. CosmidF2lC3 is indicated in the 
coloured box. 
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Figure 4. Part of the physical map of C. elegans. Cosmid C34G6 is indicated in the 
coloured box. 
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Primers used in this study 
name sequence 
SL1 GG1TTAATTACCCAAG1TTGAG 
SL1 G GGTTTAATTACCCAAGTTTGAGG 
SLIT GGTTTAATTACCCAAG1TrGAGT 
SL2 GCTCTAGAGCGGCCGCGG1TT1AACCCAGT 
DGDT GCGCGGA1CCGCI ii ITTTTT1TTI 11111 
Ml 3L ICGCCAGGGTTTTCCCAGTCACGAC 





table 1. Miscellaneous primers 
name sequence position template 
tyrl GGATGGATCCTACCAAATGG 12432-12450 CO2C2 
tyr2 TCCTGGATCCATCATTCTAA 12717-12736 CO2C2 
tyr9 GGAAAACGACACG1AGAGAGA 14687-14707 CO2C2 
tyrlO CGAAAAGTGATTATCGTCCAT 14606-14626 CO2C2 
tyr2 3 ACATTGCGTGGCAAAGGTGA 13637-13656 CO2C2 
tyr29B CACAATCCACAAGAITTCCTA 14110-14130 CO2C2 
tyr40 ICCGCATGCGACTCCGCCCACTCTTATAA 9140-9159 CO2C2 
tyr4 1 ICCCGTCGACTTTGTCTGAAAAGGGATCTTTTG 1151 6-11 538 CO2C2 
tyr44 ICCGCATGCGAGGCAATGGTCAGAATTGG 10987-11006 CO2C2 
table 2. Primers used for cloning and sequencing of tyr-] 
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name sequence position template 
tyrs ii [[GAGAAACCTCGGCGCT 1197-1216 tyr2 gDNA 
tyr6 TGCAGATGTGCTCGGTGGTT 1568-1587 tyr2gDNA 
tyr7 TCTTCTTCATGCATCACTCC 1784-1803 tyr2 gDNA 
tyr8 GGGAATAGGGCAAATGGTGT 2947-2966 tyr2 gDNA 
yr1 I GAAGGTTTTGGGAAACTGGGA 2717-2737 tyr2 9DNA 
tyrl 2 CCAACTCCAGCAACCAAGAT 1833-1852 tyr2 gDNA 
tyrl3 TCTGCGATACCCGTGGATAT 2051-2070 tyr2gDNA 
tyr14 AAATGGTCCTGTCACCACGT 1143-1162 tyr2gDNA 
tyrl 5 GGGACAGACGATCGTATTCT 901-920 tyr2 gDNA 
tyrl 6 GAAACACTTGAAGCAGACTT 213-232 tyr2 gDMA 
tyrl 7 IATGCCGTGCTGCGATTCATG 2393-2412 tyr2 gDNA 
tyrl 8 ITCGGTrGTAGCAGTCGACAA 2373-2392 tyr2 gDNA 
tyrl 9 1 CCCAGTTTCCCAAAACCTTC 2718-2737 tyr2 gDNA 
tyr20 ITCCATTCAACCGGATCTTCG 2084-2103 tyr2 9DNA 
tyr21 IAATACGATCGTCTGTCCCGT 903-922 tyr2gDNA 
tyr22 IGGACGCGTTTGTCTAACAGA 380-399 tyr2 gDNA 
tyr24 ACATGCGTTGGACGCCAATT bpl -20 tyr2 gDNA 
tyr2 5 GCAGCATACCATCCATATGAC 458-478 tyr2 gDNA 
tyr26 CATTCATCTCTGGATCGGAG 1539-1558 tyr2 gDNA 
tyr27 ATCTTGGTTGCTGGAGTTGG 1833-1852 tyr2 gDNA 
tyr2 8 ATAATACATATTTATTGTCGAGAAAG 3030-3055 tyr2 gDNA 
tyr38 CCGCATGCCGAGCAGAAAGTGGTCAACT (-)2568 - -2549 tyr2 gDNA 
tyr39 ICCCGTCGACGTTTTCTGAAAATTTTCAGAT (-)20-0 tyr2 gDNA 
tyr43 CCGCATGCTGAAAACAATAGCTGATGAGA (-)604 - -584 tyr2 gDNA 
tyr55 CTGATAAATGTAGAACAATCAAC (-)553 --531 tyr2 gDNA 
tyr56 TAAGGAGGACACACAAGACC (-)968 - -949 tyr2 gDNA 
tyr57 GAd ii ICGGGTGATGAGAAG (-)1276 --1256 tyr2 gDNA 
tyr59 GAAATTCTTGACGTTTGGAAG (-)698 - -678 tyr2 gDNA 
tyr6o CGATTGAAATCTGAGTGGGG (-)1148 --1129 tyr2 gDNA 
tyr6l 	I CCATTCTAGCTGGCAAATTGT (-)1633 --1613 tyr2 gDNA 
tyr62 I GAGCTTCTTAAAACAAACTCTTG (-)1682 --1660 tyr2 gDNA 
tyr63 IGCATGCAGTAGGAGGAAGCAATGGGC (-)2037 --2018 1 tyr2 gDNA 
table 3. Primers used for cloning and sequencing of tyr-2 
PAR 
name sequence position template 
tyr30 TAATCAGATTCAAAGATGGGA 15253-15273 F21C3 
tyr3 1 CGCAATTATTTCCACCGGTT 14840-14859 F21 C3 
tyr33 GGACGAATGAATTTATGGGAG 14348-14368 F21C3 
tyr34 GCTCCAAGACCGTCATGTAA 13323-13342 F21C3 
tyr35 TCCTCATTGTAGCACATCGG 12213-12232 F21C3 
tyr36 ICTCCATTGGCATCTCCCATA 14336-14355 F21C3 
tyr37 GACTGGCAAGAGTTCATGCT 14629-14648 F21C3 
tyr42 AAGTGGAGCTGCTCATTCTG 14598-14617 F21C3 
tyr45 GCATGCACCTTCTGAACATCACGAGG 15917-15937 F21C3 
tyr46 GTCGAC1 ii IGTTATATTTTCCAATCCAATT 15305-15329 F21C3 
tyr58 GCATGCATATTGCATTGCTTACATTCTGCC 16554-16577 F21 C3 
table 4. Primers used for cloning and sequencing of tyr-3 
name sequence position template 
tyr47 AACCGTTGGATCAACTTGGC 29483-29502 C34G6 
tyr48 GCAGCATTCCGTGCTCTCAA 29291-29310 C34G6 
tyr49 GTTGCTCCAGTTGCACAAGT 31743-31762 C34G6 
tyrsO CAGGTGTCGTCGTGGTTACT 31356-31375 C34G6 
tyrs 1 CCACAACAAGGATGCCCATA 29829-29848 C34G6 
tyrS 2 GCATGCGGTCAGTTCCTCGTCCAATT 27664-27683 C34G6 
tyr53 GTCGACGGTTCAAGGCGTAGAAACCT 28282-28301 C34G6 
tyr54 GCATGCCAACTGTCCGAGAAACTGAA 27322-27342 C34G6 
tyr64 AAGCTTCAACTGTCCGACAAACTGAA 27322-27342 C34G6 
tyr65 GGATCCGGTTCAAGGCGTAGAAACCT 28282-28301 C34136 
table 5. Primers used for cloning and sequencing of tyr-4 
"n.j 
name sequence position template 
ama2 CAGAATTTCCAGCACTCGAGGAGCGGA 10023-10049 F36A4 
ama3 TTCCAAGCGCCGCTGCGCATTGT 9549-9571 F36A4 
dpy-7. 1 GGGCCAACCACGTGGCAAAAGCCACC 283 32-28357 F46C8 
dpy-7.2 TTGGTTGTCGGATTGAGCACTATC 27948-27957 F46C8 
tyr23 ACATTGCGTGGCAAAGGTGA 13637-13656 CO2C2 
tyr29B ICACAATCCACAAGATTTCCTA 14110-14130 CO2C2 
tyr24 IACATGCGTTGGACGCCAATT bpi -20 tyr2 gONA 
tyr22 jGGACGCGTTTGTCTAACAGA 380-399 tyr2 gDNA 
tyr30 TAATCAGATTCAAAGATGGGA 15253-15273 F21C3 
tyr31 CGCAATTATTTCCACCGGTT 14840-14859 F21C3 
tyr36 CTCCATTGGCATCTCCCATA 14407-14426 F21C3 
tyr37 GACTGGCAAGAGTTCATGCT 14638-14657 F21C3 
tyr47 AACCGTTGGATCAACTTGGC 29483-29502 C34G6 IC34G6 tyr48 GCAGCATTCCGTGCTCTCAA 29291-29310 
table 6. Primers used in semi-quantitative PCR 
name sequence position template 
tyr1.1 GCCGACTTTAATTGCTCACAG 11603-11623 CO2C2 
tyrl .2 GGTCCAAACATGCCATATGC 11800-11819 CO2C2 
tyrl .3 ATCTGCATCTGGCTCAGTGAG 14561-14581 CO2C2 
tyrl .4 TTCAGCCATCCATTGACGAC 14439-14458 CO2C2 
tyr24(tyr2.1) ACATGCGTTGGACGCCAATT bp1-20 tyr2 gDNA 
tyr2.2 IGTATGAATCAGAAGCGGTGG 161-180 tyr2 gDNA 
tyr2.3 IGATTCGACTTCTTCCTTGGC 2806-2825 tyr2 gDNA 
tyr2.4 CCGAGATTGATTCACGAAGG 2733-2752 tyr2 gDNA 
Li CGTGGGTATTCCTTGTTGGAAGCCAGCTAC  
L2 TCAAGTCAAATGGATGC1TGAG  
Ri TCACAAGCTGATCGACTCGATGCCACGTCG  
R2 GA! II IGTGAACACTGTGGTGAAG 
table 7. Primers used to screen transposon mutant libraries 
name sequence position template 
petl ATTCTCGAGGTACATGCCGAC1TrAATTGC 11597-11617 CO2C2 
pet2 CAGCTCGAGAGACCAGCCACAACCCCAC 13953-13971 CO2C2 
pet3B TCGCTCGAGGATTATCGTCCATAATCAAGC 14598-14618 CO2C2 
pet4B GTTCTCGAGGTTATCCACCTCTACACCAT 13724-13743 CO2C2 
pets AACAACTAAGAAAGGAGCTGTT 75-96 tyr2 gDNA 
pet6 ICATATGGATGGTATGCTGCTG 459-476 yr2 gDNA 
pet7 CTCCATCAAGATGACTGCTC 2347-2367 tyr2 gDNA 
i t petS TGAAGCATTGCGATTCTCTC 2676-2696 yr2 gDNA 
table 8. Primers used to produce recombinant proteins 
name sequence position template 
utyrl CGCGGATCCNDSITTYYTISYITGGCA PGFL(V!P)WH CuA-site 
utyr2 CGCGGATCCGGNKYCATITSICCICCIAYCCA W(M/I)GGDMKPP CuB-site 
utyr3 CGCGGATCCADVMARAAIAAYIGGITCRTT (D/E)P(V/I)FFLHH CuB-site 
bml GGATATGGTAACGTAGTGAC 257-276 clone bmDl 1 
bm2 TCCATATGTCCACCAATCCA 1170-1189 clone bmDl 1 
bm3 GCACTCCGTCTAATTGATCC 137-156 clone bmDl 1 
bm4 CAGAAAATGCTGGTGGATATG 1117-1137 clone bmDl 1 
brn5 GCGGATCCTTGG 11111 GCT bp2-21 clone bmDl 1 
bm6 TTGTTAGIATTGAATCTCTGTAA 733-754 clone bmDl 1 
bm7 TGACGGTCACCTGCTTATGT 260-279 bmtyrlcDNA 
limB CAGAGATTCAATCTAACAATTG 730-751 clone bmDl 1 
bm9 IAGAATAGCTGTTCTACCATCG 304-324 clone bmOl 1 
bml 0 CGGTCATATTCGCCACTTTG 424-443 bmtyrl cDNA 
bml 1 CCGAGCACTTGGTGAAAAGGGAAAA 745-769 bmtyrl cDNA 
bm12 GAGCATCJAGTTGGTAGGTCA 454-473 bmtyrlcDNA 
bml 3 AACTGAATCTCTCGGATCCG 204-223 clone bmDl 1 
bml 4 CTGATTCCTTAATTTGCTATAATTTC 819-845 clone bmW 
bml 5 GCIFTAAGCATACCATTTAATGGTGC 839-865 clone bmDl 
mjl 	ICGTTCTTAGACCTCTATAAGA 387-407 clone mj32 
mj2 GGGAAAAATTGTCTATGTACA 556-576 clone mj32 
mj3 TCCAAATAGTATTCCTTCCCT 268-288 clone mj32 
mj4 GGAATACAATTGAGGGAAGGA 256-276 clone mj32 
mj5 GAGGGACTGTATATGAGAGG 691-710 clone mj32 
mj6 GCTCGTACTCGATTATCrrAC 580-599 1 clone mj18 
mj7 TCGTACI II IACCTCTCTACG 512-532 clone mjl8 
mj8 	IACCACCCTCTCCAGAAAGTG  468-487 Iclone mj7 
table 9. Nematode tyrosinase primers 
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